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Alzheimer’s disease (AD) is an age-related neurodegenerative and progressive disorder
representing the most common form of dementia in older adults. AD is clinically characterized
by significant cognitive impairments, behavioral changes, sleep disorders, and loss of functional
autonomy until the patient becomes completely dependent on the care of family members and
healthcare workers [1]. As the population ages worldwide, the number of people suffering from
AD is growing rapidly, making this disorder a major public health issue. Actually, the leading
biomarkers in clinical practice are directed at the early identification of the two neuropathological
hallmarks of AD, namely, amyloid-β (Aβ) plaques and neurofibrillary tangles (NFTs), constituted by
hyper-phosphorylated paired helical filaments of the microtubule-associated protein tau. The diagnostic
criteria rely on the measures of Aβ, phosphorylated (p-tau), and total tau (t-tau) protein levels in the
cerebrospinal fluid (CSF) of patients aided by advanced neuroimaging methods such as magnetic
resonance imaging (MRI) and positron emission tomography (PET) [2]. However, the pathological
changes silently accumulate in the brain over years or even decades before the onset of symptoms.
Therefore, the current challenge is the searching for novel biomarkers to optimize the early diagnosis of
AD in the pre-symptomatic stages, essential to start treatments and to propose personalized therapeutic
solutions to individual patients.

This Special Issue gathers six original research articles, thirteen literature reviews, one commentary,
and one protocol on recent efforts toward the discovery of novel biomarker candidates exploited in
different research areas, including biological fluids, genetic/epigenetic factors, pathogens, inflammation,
metabolism, nutrition, obesity, or neuropsychological changes (Figure 1). It is not surprising that
the most of papers are addressed to review the current knowledge about biomarkers detected in
different biological fluids, which are mainly related to pathophysiological processes occurring in AD
(e.g., vascular dysfunction, neuroinflammation, and synaptic and neuronal integrity). These reviews
largely describe and discuss potential biomarkers detected in CSF or blood as well as in alternative
non-invasive body fluids and their possible use in early diagnosis [3–7] or ongoing research protocols
on AD [8]. Among them, an emerging role of flotillin as promising biomarker for AD has been proposed
by some authors [9]. Moreover, to partially overcome the limitations of biological fluids, advanced
brain imaging techniques provide an attractive alternative for the identification of AD-related structural
and functional biomarkers [10]. Integrated datasets of multi-faceted AD biomarkers and data-driven
analytical methodologies may be involved in the application of the “precision medicine”, aimed to
unravel many aspects of AD heterogeneity and to expand the current treatment strategies to help guide
more effective diagnosis and clinical management of the disorder [11].

J. Pers. Med. 2020, 10, 238; doi:10.3390/jpm10040238 www.mdpi.com/journal/jpm1
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Figure 1. An overview of different research field for exploring potential biomarkers for Alzheimer’s
disease. This figure was created with the support of BioRender.com.

Given the central role of genetics in the development of AD, some authors reviewed emerging
candidate genes for familial AD, as well as inherited risk factors, in order to improve the prognostic
identification and management of the at-risk individuals. A better knowledge of these genes
and their correlated molecular defects will further provide potential targets for the treatment of
the disease [12]. One study has reported original results on the association between AD-related
polymorphisms and cardiovascular risk factors, which influence the progression to the disorder.
Therefore, understanding the molecular mechanisms of this interaction could allow the development of
new personalized therapeutic approaches for treating AD [13]. Focusing on the occurrence of behavioral
and psychological symptoms of dementia in AD (BPSD), other authors have found an interesting
association between APOE and MTHFR genetic variants and BPSD, expanding the knowledge about
the BPSD etiopathogenetic mechanisms, which in turn, leads not only improve the clinical/diagnostic
assessment, but also to better definite suitable treatments [14].

As an early event in the pathogenesis of AD, some authors speculated that chronic inflammation
should be considered as a potential biomarker in the treatment strategies for AD. Interestingly,
inflammation is emerging as the central mechanistic link among diabetes, obesity, and cognitive decline
in patients affected by AD. These authors discuss how diabetes and obesity could lead to both systemic
and neuro-inflammation, hypothesizing an association with impaired mitochondrial health [15].
Indeed, AD has also been suggested as a metabolic disorder, owing to the fact that some genetic risk
factors are key mediators in different metabolic pathways, including glucose, lipid, and energetic
metabolism [16]. In this regard, Bell and collaborators demonstrate the strong correlation between
fibroblast mitochondrial abnormalities and neuropsychological markers, suggesting the use of fibroblast
metabolic assessment as an emergent biomarker of AD [17]. Similarly, another study reports that brain
metabolism evaluated by 18F fluorodeoxyglucose (18F-FDG) uptake is moderately related to various
neuropsychological tests [18]. Moreover, some authors conceived the “development of metabolic and
functional markers of dementia in older people” (ODINO) protocol as an innovative multi-dimensional
investigation in which clinical, functional, neuropsychological, and biological parameters are coupled
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with advanced statistical analyses in order to better identify possible biomarkers that can predict the
conversion from mild cognitive impairment (MCI), the prodromal stage of dementia, to AD [19].

Among individuals with MCI, two additional papers reported original results. The randomized
cognitive impairment study (CARES) clinical trial demonstrated that targeted nutritional intervention
with ω-3FAs, carotenoids, and vitamin E significantly improves the cognitive performances [20].
Other authors showed that an experimental assessment of semantic priming in MCI seems to represent
a good paradigm to evaluate subclinical impairment of the semantic system in the early stages of
the AD pathology [21]. Finally, an outstanding review discussed how neurophysiological techniques,
evaluating mechanisms of synaptic function and brain connectivity, may represent valid biomarkers
for screening MCI individuals by the application of artificial intelligence (i.e., learning machine) [22].

Based on studies linking different pathogens with AD and age-related cognitive decline,
Naughton and collaborators discuss an interesting role of pathogen-associated biomarkers as a
novel tool for evaluating and decreasing AD risk across the population [23].

In conclusion, all articles appearing in this Special Issue cover attractive and current topics of a
wide range of biomarkers in the basic research, clinical diagnosis, prognosis, and therapeutic strategies
of AD, the most common form of neurodegenerative disorder and a major health challenge with
significant social and economic consequences. Early diagnosis entailing the ability to detect AD in
asymptomatic patients still remains a big challenge. Therefore, implementing a combination of the
aforementioned biomarkers into a diagnostic setting may likely allow the identification of at-risk
patients during pre-symptomatic stages necessary to start treatments and to suggest personalized
therapeutic strategies.
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Abstract: Alzheimer’s disease (AD) is a commonly occurring neurodegenerative disease in the
advanced-age population, with a doubling of prevalence for each 5 years of age above 60 years. In the
past two decades, there has been a sustained effort to find suitable biomarkers that may not only
aide with the diagnosis of AD early in the disease process but also predict the onset of the disease in
asymptomatic individuals. Current diagnostic evidence is supportive of some biomarker candidates
isolated from cerebrospinal fluid (CSF), including amyloid beta peptide (Aβ), total tau (t-tau),
and phosphorylated tau (p-tau) as being involved in the pathophysiology of AD. However, there are a
few biomarkers that have been shown to be helpful, such as proteomic, inflammatory, oral, ocular and
olfactory in the early detection of AD, especially in the individuals with mild cognitive impairment
(MCI). To date, biomarkers are collected through invasive techniques, especially CSF from lumbar
puncture; however, non-invasive (radio imaging) methods are used in practice to diagnose AD.
In order to reduce invasive testing on the patients, present literature has highlighted the potential
importance of biomarkers in blood to assist with diagnosing AD.

Keywords: Alzheimer’s disease; cerebrospinal fluid; amyloid beta peptide; total tau; phosphorylated
tau; diagnosis

1. Introduction

Alzheimer’s disease (AD) is one of the most common neurodegenerative disease in an ageing
population. AD is the most common cause of dementia and is characterized by cognitive impairment
and the impedance of daily activities, including communication, decision making and behavioral
changes [1]. It has been shown that the frequency of AD doubles for each 5 years of life above the
age of sixty years. It is predicted that by 2050, 130 million globally will be symptomatic from AD [2].
In terms of risk factors, advanced age is the most important risk for the sporadic or late onset of AD as
well as the presence of APOE e4 alleles. Inherited mutations in chromosome 11 amyloid precursor
protein (APP), Presenilin-1 (PSEN1), and Presenilin-2 (PSEN2) are prevalent in the less common familial
form of AD. In addition, women are more prone to AD compared with men, early menopause is also risk
factor for AD. Cardiovascular disease and diabetes mellitus type-2 are associated with an increased risk
of AD. The exact pathophysiology of AD is still under investigation; however, the deposition of senile
plaques, neurofibrillary tangles (NFTs), and astrogliosis are cardinal features [3]. Moreover, studies
have shown that pathological involvement of oxidative stress, neuron degeneration induced synaptic
alteration, inflammation and microgliosis are important in the pathogenesis of AD [4]. Despite almost
3 decades of research into the exact molecular mechanism causing AD, unfortunately, none of the
hypothesis completely answers the question. The still amyloid cascade hypothesis suggests a core
pathological role of amyloid beta in AD [5]. The presence of Aβ peptides in cerebral and peripheral
tissues mainly consists of amino acids and their sequences ranging from 1 to 43. Aβ42 is very prone

J. Pers. Med. 2020, 10, 63; doi:10.3390/jpm10030063 www.mdpi.com/journal/jpm5
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to aggregate and proceed to form the senile plaques found in hippocampus, neocortex and in the
cerebrovasculature region [6]. Another highly aggregated peptide called tau (which undergoes
extensive hyperphosphorylation) is responsible for the formation of neurofibrillary tangles inside
neurons and ultimately results in extensive brain and nerve damage [7]. Currently, approved drugs only
provided symptomatic relief for patients with AD without modifying the disease or slowing disease
progression. However, for the treatment of mild cognitive impairment (MCI), there is no FDA-approved
drugs available and suggested to consider off-label treatment, such as an acetylcholinesterase (AChE)
inhibitor, which has provided a modest impact but is also associated with the risk of side effects.
In order to reduce the side effects, research has been undertaken to modify the chemical moiety of
drugs with compatible substitutes and also focused on natural products with the potential to act as
disease modifying agents [8,9]. Several natural products including curcumin, ginkgolides, resveratrol,
oleuropein etc. have been shown to be effective against AD pathology in vitro or in vivo models
but have not shown success in randomized trails [10–13]. Lifestyle modification, including exercise
and dietary modification, especially the Mediterranean diet (MedDi) and Mediterranean-Dietary
Approaches to Stop Hypertension (DASH) diet Intervention for Neurological Delay (MIND) diet,
have been associated with improved cognition among elderly subjects [14].

It has been shown that pathological changes of AD occur long before the appearance of clinical
symptoms. Therefore, it is important to establish a diagnosis as early as possible especially for people
above the age 60 years. Biomarkers offer essential tools for AD diagnosis, monitoring, early detection,
therapeutic intervention, as well as prevention of inaccurate diagnoses. Body fluid biomarkers in
cerebrospinal fluid (CSF) and blood have shown potential for AD diagnosis, individual prognosis and
patient stratification. Despite the availability of numerous theoretical and clinical diagnostic tools, AD is
still poor diagnosed, especially in the early stage of the disease. AD has a prolonged pre-symptomatic
prodromal phase; however, the lack of specific biomarker, procedural and methodological inconsistencies,
inconsistent cut-off values as well as a lack of assay standardization, have thwarted attempts to establish a
diagnosis and treat AD during this early phase.

2. Search Methods

Potential studies were identified in electronic database PubMed, Embase, ScienceDirect, Cochrane
Library, SpringerLink, Scopus and Google Scholar using combination of following keywords “Alzheimer’s
Disease”, “biomarkers” and “Alzheimer’s disease”, “cerebrospinal fluid”, “CSF”, “invasive biomarkers”,
“non-invasive biomarkers”, “plasma biomarkers”, “blood biomarkers”, “plasma amyloid”, “plasma tau”,
“inflammatory biomarkers”, “imaging biomarkers”, “proteomic biomarkers”, “salivary biomarkers”,
“olfactory biomarkers” and “ocular biomarkers”. Selected studies published between 1990 and May 2020
were included to ensure that all randomized trial, pilot studies, and critical reviews or systematic reviews
published evidence on potential Alzheimer’s disease biomarkers for three decades were encompassed.
The preclinical studies, in vitro studies, published media, as well as duplicate articles were excluded due
to being outside the scope of the clinical study aim.

3. Biomarkers in Alzheimer’s Disease

A biomarker is usually characterized by substances (synthetic molecules, specified cells, proteins,
enzymes, hormones or genetic material) or imaging finding, which is used as a metric characteristic
to indicate the presence of a specific physiological state and may assist with establishing a diagnosis
well before a clinical diagnosis can be made. Furthermore, the use of biomarkers is increasingly for
assisting with the prognosis and diagnosis of AD, reflected by a tremendous increase in research from
1980 to current time (Figure 1).
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Figure 1. Publications statistics for “Biomarkers in Alzheimer’s disease”, source PubMed.

On the basis of AD pathogenesis and clinical condition, a set of diagnostic criteria were established
in 1984, which was updated by the National Institute on Aging and Alzheimer’s Association
(NIA-AA) [15]. The updated NIA-AA guideline was mainly based upon the pathophysiological
advancement in clinical, imaging, and research technologies in AD. Similarly, based upon clinical
probable, possible, or definite symptoms, National Institute on Neurological and Communicative Disorder
and Stroke and the Alzheimer’s Disease and Related Disorders Association (NINCDS-ADRDA) have
also published a diagnostic criteria for AD [16]. The clinical conditions of AD are considered to fall into
three stages; however, some studies have expanded this to 1–5 or 1–7 stages. Of all the stages of AD,
the prodromal period has the longest duration. This has resulted in a revision of NIA-AA diagnostic
criteria, which are mainly based upon the identification of biomarkers, including CSF and imaging
as valid diagnostic tools [17]. Based on modern diagnosis criteria, three sets of biomarkers are used
as diagnostic tools, including Aβ peptide (A), tau peptide (T) and neurodegeneration (N), which are
classified as A/T/N framework (Table 1) of AD diagnosis [17].

Table 1. Biomarkers based upon National Institute on Aging and Alzheimer’s Association (NIA-AA)
classification [17].

NIA-AA Classification Alzheimer’s Disease Biomarkers Biomarkers Significance in AD

Amyloid (A) aggregates CSF Aβ42, Aβ42/Aβ40 ratio & Amyloid PET ↓ CSF Aβ42 & Aβ42/Aβ40

Tau (T) aggregates CSF phosphorylated tau & Tau PET ↑ CSF p-tau

Neurodegeneration (N) CSF total tau & Anatomic MRI FDG PET ↑ t-tau

NIA-AA: National Institute on Aging and Alzheimer’s Association; ↑: increase; ↓: decrease; CSF: cerebrospinal fluid;
Aβ: β-amyloid; PET: positron emission tomography; FDG: fluorodeoxyglucose; MRI: magnetic resonance imaging.

4. Biomarkers Based upon Alzheimer’s Disease Stages

Stage 1: assigned to the individuals who do not have functional impairment but might have
cognitive impairment, which can only be detected through neuropsychological sensitive instruments.
There is increasing evidence that certain biomarkers can predict the pathological changes at an early
preclinical phase, namely the presence of amyloid imaging and a reduced CSF Aβ42 concentration.

7



J. Pers. Med. 2020, 10, 63

Early diagnosis based on biomarkers may assist with the approval of AD treatment, which could
provide clinical benefits and improve outcomes [18]. Further trials are required to evaluate the reliability
of clinical measurement and access the potential improvement with the drug-placebo conclusion.

Stage 2: Presence of biomarkers that predict pathophysiological changes of AD, a subtle cognitive
effect, but no functional deficits in the patients, which can be detected with the use of sensitive
instruments; however, they do not fulfil the criteria for dementia. According to the FDA guidance,
sensitive neuropsychological testing should be considered alongside biomarker changes to diagnose
AD stage 2 [18].

Stage 3: Pathophysiological biomarkers are present, and patients have started to have difficulty
in doing some daily tasks which are measurable. This stage of the disease corresponds with mild
cognitive impairment, whereas the first two stages are preclinical.

Stage 4, Stage 5 and Stage 6: Pathophysiological biomarkers are present with the consecutive stages
of mild, moderate, and severe AD dementia with worsening cognitive impairment.

Assessment of Stages in AD

From the FDA classification of stages in Alzheimer’s disease, stage 1 and 2 should be considered
critical and monitored seriously. However, from stage 3 onwards, AD patients have similar
pathophysiological biomarkers and ongoing cognitive decline. There are two basic questions that
stem from the stages of AD. Which biomarkers may predict the presence of stage 1 and stage 2 AD
in individuals? Secondly, from the treatment perspective, how can we establish the clinical effect of
current FDA-approved drugs for patients with stage-1 AD, which is preclinical (based on the presence
of amyloid and reduced CSF Aβ42 concentration) without evidence of cognitive decline? There is a
need to evaluate predictive biomarkers and establish whether changes in biomarkers is a predictor of
treatment success.

5. Biomarkers through Invasive Diagnostic Methods

5.1. Cerebrospinal Fluid Biomarkers

Cerebrospinal fluid (CSF) is a clear liquid that is present in the subarachnoid space and ventricular
system of the brain and spinal cord. The volume of CSF in the body varies between 125 and 150 mL.
The composition of CSF can demonstrate minor biochemical change in the brain. Currently, CSF is
considered an excellent biologic fluid that may contain potential biomarkers for AD, which may be able
to identify without going through autopsy or biopsy. Furthermore, the presence and concentration
of biomarkers may change in parallel to AD progression. The three most suggestive biomarkers in
AD are Aβ, total tau (t-tau), and phosphorylated tau (p-tau) (Table 2). It has been suggested that
CSF biomarkers did not vary with severity with stable levels noted in the follow-up patients with
clinical AD [19].

Table 2. Established diagnostic biomarkers in the cerebrospinal fluid CSF of Alzheimer’s disease
(AD) a [20] and showed 85% sensitivity cutoff values for AD dementia diagnosis [21].

Biomarkers Controls (pg/mL) AD (pg/mL) % Sensitivity (AD-Control) % Sensitivity (MCI-Control)

Aβ42 794 ± 20 <500 * 73 (≥75 years) 60 (≥75 years)

tau peptide
136 ± 89 (21–50 years) b 74 (≤64 years) 65 (≤64 years)

243 ± 127 (51–70 years) >450 53 (65–74 years) 49 (65–74 years)

341 ± 171 (>71 years) >600 * 61 (≥75 years) 46 (≥75 years)

p-tau-181 23 ± 2 >60 37 (≥75 years) 30 (≥75 years)
a Data obtained using innogenetics single 96-well ELISA kits. b This is not relevant for sporadic AD, because it is
only for patients >60 years of age. * p < 0.001.
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5.1.1. CSF Aβ Biomarker

The amyloid isoforms Aβ40 and Aβ42 concentration in CSF are considered to be the most
dependable biomarkers for the diagnosis of the AD disease. The production of both amyloid isoforms
Aβ40 and Aβ42 was 24% higher for mutation carriers than noncarriers in the autosomal dominant AD
patients. However, it was suggested that the fractional turnover rate of Aβ42 was noted 65% higher in
mutation carriers [22]. Interestingly, it was also reported that there is no change in CSF Aβ40, while it
is present in a 10-fold higher concentration than Aβ42 in the CSF of AD patients. It was suggested that
Aβ42 be used as a proxy of total Aβ concentration. The amyloidogenic protein is found throughout the
human body, and studies showed that Aβ42 concentrations in CSF often correlate with Aβ levels in
the patient’s brain [23]. It was found that the Aβ42 concentration was significantly reduced in CSF,
which is a consequence of its presence in fibrils and plaques in the brains of patients with AD [24–26].
There are variations in quantification; however, it was found that Aβ42 concentration declined by 50%
in CSF of patients with AD as a result of its deposition in the brain parenchyma [27].

The underlying mechanisms of the reduction CSF Aβ42 is not clear; however, few studies have
suggested that it is due to the excessive hydrophobic aggregation of Aβ42 sequestration in plaques,
a reduction in its diffusion from interstitial fluid to CSF and/or decreased Aβ clearance as a consequence
of an impaired blood–brain barrier [28,29]. It was reported that the other isoform of amyloid peptides,
Aβ38, was also found to have an increased concentration in CSF. Furthermore, the ratio of Aβ42/Aβ38

closely corresponds with imaging findings in patients with AD and thus results in a robust biomarkers for
AD pathogenesis, which is more useful than the concentration of Aβ42 alone in CSF [30,31]. In contrast,
several studies have reported that the Aβ40 concentration was unchanged in CSF from patients with AD
and does not correlate with amyloid deposits in the brain [32]. In spite of the discrepancy in the diagnosis
of CSF Aβ40 levels, several studies supported a decrease CSF Aβ42/40 ratio in the diagnosis of MCI patients
compared to controls [33]. Because of the observed Aβ isoforms ratio and their positive relationship
with AD pathogenesis, the NIA-AA has accepted Aβ42 concentration as well as a comparative ratio of
Aβ42/Aβ40 as important biomarkers in the diagnostic guideline for AD [17].

5.1.2. Assessment of CSF Aβ42 Biomarker

CSF Aβ42 biomarkers support a diagnosis of AD in its preclinical stage and are predictors of
disease progression in cognitively unimpaired individuals and in those with MCI. One of the main
limitations of CSF sampling is its invasive collection technique i.e., through lumbar puncture compared
with blood sampling. Post lumbar puncturing, headache as most common adverse effect.

Most of the studies showed a significant decline in Aβ42 levels as diagnostic biomarker and
agreed that upto 40% reduction was observed in AD patients when compared with those of healthy
individuals [34]. In contrast to the reduction of Aβ42 concentration in CSF, some of the past studies have
shown an unchanged Aβ42 concentration [35] and an elevated level [36] in CSF Aβ42 concentration
compared to AD patients and healthy controls. CSF Aβ42 was found to reach the plateau state early in
the disease progression and produce a conflicting outcome, which demonstrates a process of preceding
aggregation of Aβ mainly detected with amyloid PET analysis. There is a lack of standard protocol and
universal agreement because of the varying biomarker concentrations and contradictory outcomes,
which required further investigation in the age- and stage-matched individuals considering prodromal
stage individuals with different ethnic groups. It has been demonstrated that CSF Aβ42/40 ratio
may predict abnormal cortical amyloid deposition (visualized with PET) compared with CSF Aβ42.
However, this diagnosis could result as false positive (low CSF Aβ42) or false negative (high CSF Aβ42)
in fewer patients [25]. Further studies have been reported the presence of oligomers formation prior
to the formation of Aβ fibrils in the pathogenesis of AD and suggested oligomers as potential early
target in the prodromal stages, which required further confirmation in randomized trial as early
diagnostic biomarker.
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5.1.3. CSF Tau Biomarker

The Aβ and tau peptides have been suggested to interact mutually and prompt both aggregation
and toxicity followed by proposed mechanisms including Aβ encourage tau pathology or tau induces
Aβ toxicity, or synergistic toxicity exists between Aβ and tau [37,38]. Basically, tau is a microtubule
associated protein have a pivotal action in intracellular transportation. Tau proteins classified as p-tau
representing hyperphosphorylation, and t-tau representing several isomers of the tau protein. It was
suggested that the hyperphosphorylation occur at threonine-231 (p-tau231), threonine-181 (p-tau181),
and at serine-199 (p-tau199). The involvement of p-tau in the assembly of neurofibrillary tangles
represented as ‘T’ marker, and their presence in the CSF proving a sign of neuronal death as ‘N’
marker [39,40]. It was reported that CSF p-tau231 was involved in the neurofibrillary neocortical
pathology [40], and showed a significant increase in concentration correlated with a decline in cognitive
performance and conversion to AD [41]. The concentration of t-tau in CSF was found to be highly
age dependent and observed <300 pg/mL in 21–50 years, <450 pg/mL in 51–70 years, and <500 ng/L
in 71–93 years age group of normal cognitive healthy individuals [42]. Several lines of studies have
supported the results of significant rise in CSF tau peptide concentration in AD patients [39,43].
In particular, p-tau and t-tau were found to be increased by 200% 300% concentration in AD compared
with nondemented elderly subjects [27,44]. Tau pathology cause an elevated level of CSF t-tau and
p-tau and strongly associated with cognitive decline compared to the amyloid pathology.

Furthermore, the degree of neurodegeneration and neuronal/axonal damage in AD patients’ brains
marked by the presence of considerable CSF t-tau concentrations and constituted in the A,T,N Framework
as a marker of ‘N’ [17,45,46]. A systematic review included 15 studies showed the presence and accuracy
of CSF t-tau in seven studies, while six studies have showed the presence and accuracy of the CSF p-tau
in mild cognitive impaired patients [47].

The intermediate filaments known as neurofilament light (NfL) were found to be present in
the axons cytoplasm and may interfere with cytoplasmic function of axonal homeostasis as well as
synaptic transmission. Studies have shown the presence of elevated NfL in AD patients and suggested
end results of neuronal and axon damages [48]. More pronouncedly, the increase level of NfL could
serve as a risk factor for MCI. However, elevated NfL levels were also recognized as a biomarker in
other neurodegenerative diseases having marked axonal degeneration, white matter injury, or both,
such as frontotemporal dementia, amyotrophic lateral sclerosis, Creutzfeldt–Jakob disease, multiple
sclerosis and traumatic brain injury. A few post-mortem studies have reported significant elevated
NfL levels in patients with amyotrophic lateral sclerosis and frontotemporal dementia more than the
AD patients and suggested that NfL could be used for differentiation of two types of dementia [49].
Due to non-specificity in disease diagnosis, NfL is less popular as confirmatory biomarkers compared
to Aβ and tau in AD.

5.1.4. Assessment of CSF Tau Biomarker

The increase in both CSF t-tau and p-tau concentrations are well settled in AD compared with
controls, specifically the intensity of neuronal injury and neurodegeneration are indicated by CSF t-tau
in AD. The concentration of CSF t-tau was reported two to three folds higher in patients with AD
compared to the normal controls [34]. Still, it is not confirmed about the agreement in distinct tau
phosphorylation sites for AD. Most studies have showed the significant rise in tau concentration with
aging as well as in patients with AD; however, few studies have reported contradictory information
and showed no significant change in the CSF tau level in normal healthy aged individuals [50]. It was
postulated that the incidence of tau phosphorylation and the building of neurofibrillary tangles inside
neuron is a results of cellular protective mechanism against oxidative stress and suggesting normal
physiological pathway rather than a toxic pathway [51]. It is still unknown about the inconsistent
results for tau analysis and required to develop a new technique for consistent outcome. It has been
suggested that, due to the presence of heterogeneity in trial subjects, the consistency of the result varies
and not being reproducible. Thus, there is a requirement to agree on one productive model for the
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diagnosis of CSF tau biomarkers and run the trial in a large cohort that can be reproducible or verify in
a repetitive/confirmatory trial.

5.2. Blood Biomarkers in AD

Blood is a most commonly accessible biological sample than other body fluids such as CSF and
offer inexpensive clinical diagnosis or screening methods and even convenient for getting reproducible
results in clinical trials. In cardiovascular disease and cancer diagnosis and research, biofluid blood has
been established as biomarkers; therefore, it may perform as a critical measure in the early diagnosis of
AD [52]. Due to the presence of Aβ in the prodromal stage of AD and their ability to pass through
the blood–brain barrier, for diagnostic purposes, Aβ received a considerable amount of attention as a
potential blood biomarker.

5.2.1. Plasma Aβ Biomarker

In order to evaluate and understand amyloid clearance, studies reported a significant decline
in amyloid clearance using the stable isotope labelling kinetic method in late-onset AD patient [53].
Both Aβ40 and Aβ42 production were found to be increased by 24% in individuals with mutation
carriers than noncarriers autosomal dominant form of AD (ADAD), and, furthermore, the Aβ42

fractional turnover rate was 65% faster deposition in mutation carriers individuals [22]. Several studies
have reported the existence of Aβ in blood plasma and showed the rise of both Aβ40 [54] and Aβ42 [55]
levels. In contrast, studies have also reported a fall in both Aβ40 [56,57] and Aβ42 [58] concentrations
in individuals susceptible to AD. More recently, a comprehensive meta-analysis study showed the
inconsistency in plasma for both Aβ42 and Aβ40 in AD [59]. In order to achieve consistency and
accuracy in the biomarker analysis, trials based on immunoprecipitation-mass-spectrometry-based
assays for evaluation showed a significant decline in both Aβ40 and Aβ42 concentration in plasma
Aβ42/Aβ40 ratio (in the line with CSF test) with approximately 90% of diagnostic accuracy [60,61].

5.2.2. Assessment of Plasma Aβ Biomarkers in AD

Blood considered as highly complex fluid connective tissue containing cellular components and
several compounds, such as proteinases nature compounds, genetic materials, and metabolites, appear
in plasma. The primary barrier for inconsistency in the biomarkers analysis results was suggested
due to the presence of low blood Aβ concentration as well as victims of matrix effects. In addition,
a lack in assay sensitivity, specificity and methods selectivity are responsible for inconsistency in Aβ

finding as biomarkers in blood. In general, biomarkers localized in the brain are not easily available
in blood because of the restriction of movement through the blood–brain barrier, poor expression of
AD pathology biomarkers in blood and the interference of blood containing endogenous antibodies
with the assay reagents that finally resulted in a false rise and fall of measurement. There is a need
to develop the analytical sensitive plasma-based assay, which can minimize the event of reaction of
biomarkers such as Aβ with the reagent, and careful validation work. A few attempts have been made
to analyze Aβ in blood through a new diagnostic technique; however, such attempts were unable
to resolve the cerebral expression of Aβ including plasma protein and blood platelets [62] but still
represent an important step forward.

5.2.3. Plasma Tau Biomarker

Studies have been reported that the elevated plasma tau levels but with overlapping ranges
of results across diagnostic groups of AD patients compared with the normal control [63]. It has
been suggested that the plasma tau is a late-stage marker of AD and did not show any change in the
plasma of the MCI-stage individual followed by missing the interrelationship between tau levels in
plasma and CSF due to the differential regulation of tau in both fluids [63]. Further study showed
a positive associations between increased plasma tau level and AD hallmarks [64]. The elevated
level of plasma total tau and pTau181 were investigated in patients with dementia compared to the
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cognitively unimpaired individuals [65]. In general, total tau protein concentration was found to
be approximately seven times higher than p-tau181 in human plasma. Based on immunomagnetic
reduction technique, a study evaluated the concentration ratios of p-tau181 to t-tau in plasma are 14.4%
for healthy controls, 13.6% for patients with MCI due to AD, and 19.5% for very mild AD, respectively,
and suggested that p-tau181 in plasma can be used to differentiate memory disorder/cognitive decline in
early-stage AD patients [66]. Further study based on the evaluation of plasma p-tau181 as a biomarker
using ultrasensitive immunoassay methods showed a significantly higher plasma p-tau181 level in the
AD group compared with the control group [67]. A recent study measured plasma-phosphorylated
tau concentration and found a significantly higher concentration in the AD group compared with
age-matched cognitively normal controls [68]. Tau hyperphosphorylation-induced neuronal damage
was also investigated and suggested the presence of neurofilament as biomarker for neurodegeneration
in AD [69]. Neurofilament was measured by using an ultrasensitive immunoassay method and
showed increased serum neurofilament light (NfL) concentration in familial AD prior to symptomatic
disease [70]. In the line of the previous report, a recent study outcome showed an early rise of
serum neurofilament light in the presymptomatic phase of familial AD and continue to increase in
neurofilament light level, respectively [71]. Increased plasma neurofilament light was found in MCI
and AD dementia patients compared with controls and correlated with poor cognition [72].

NfL in plasma well determined, reported their elevated levels in the serum of familial AD patients
usually appear a decade ahead to the onset of symptom and well correlated with whole-brain atrophy
intensity through MRI and an assessment of cognition [73]. In addition, a high level of NfL was
determined in plasma of MCI compared to AD patients and healthy controls, which can be used as a
determinant assay to easily distinguish individual between MCI and AD [72].

5.2.4. Assessment of Plasma Tau Biomarkers in AD

In the past two decades, it is still in debate that tau pathology starts early in normal
cognitive individuals upon ageing (>60 years) than Aβ pathology. However, research based on
tau pathophysiology have showed high consistency in the increase level of tau protein (neurofilament
light, p-tau181, and total tau as biomarkers) and easily detected in serum. In contrast, Aβ (Aβ40, Aβ42

and Aβ42/Aβ40 as biomarkers) protein appearance in blood do not show those consistent results in
early stage of AD progression regardless with the determination techniques. It was suggested that
ultrasensitive immunoassays granted the accurate quantification of tau in blood. Further research is
required to justify and validate tau protein as an early diagnostic biomarker in AD.

6. Biomarkers through Non-Invasive Diagnostic Methods

6.1. Cognitive Biomarkers

Currently, non-invasive diagnostic criteria for AD based on a group of assessments, including
individual clinical history, cognitive and neuropsychological state and clinical rating score resulted
from Mini-Mental State Examination (MMSE), Clinical Dementia Rating (CDR) and the Wechsler
Memory Scale (WMS) Logical Memory (LM) test [74]. According to the MMSE score (0–30), if an
individual has received a score between 20 and 24, then suggested mild dementia, followed by a
score between 13 and 20 suggest moderate dementia and have a score less than 12 designated severe
dementia [75]. A study evaluated the accuracy of the MMSE for diagnosing dementia subtypes in
people aged 65 years who do not examine earlier for dementia and supported the diagnostic use of
MMSE as part of the process for deciding whether or not someone has dementia [76]. The LM test
consist of LM-I (immediate recall), LM-II (delayed recall), and LM Recognition (delayed recognition),
used to investigate and measure verbal episodic memory in individuals [77]. The LM-I directed
individual to immediately recall details of two short passages, while LM-II phase based on recall the
passages after a 20 to 30-min delay. The LM recognition phase test provided questionnaire-based
evaluation on an earlier provided passage in the form of yes or no.
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6.2. Assessment of Cognitive Biomarkers

Several studies have indicated the psychometric limitations of MMSE analysis, including large
ceiling and floor effects, and sensitivity to practice effects, limiting the clinical efficacy of MMSE in MCI
and AD dementia investigation. Moreover, the scoring system in MMSE was found to lack accuracy in
the investigation of individuals with MCI or mild AD dementia. The LM subtest is not only useful for
distinguishing certain types of dementia such as AD dementia but is also known as a tool that can
detect subtle memory changes in the individuals with MCI [78].

6.3. Imaging Biomarkers

The imaging of the brain in the diagnosis of AD has been used as a second line of diagnostic
criteria, including magnetic resonance imaging (MRI), functional MRI (fMRI) and positron emission
tomography (PET). In a clinical setting, current guidelines follow the structural imaging, i.e., magnetic
resonance imaging (MRI) or computerized tomography (CT), mainly required for the evaluation of
patients presenting with a cognitive/dementia syndrome [79]. In order to investigate the visualization
of AD-linked cortical atrophy and changes in brain connectivity, MRI is used to provide a structural and
functional imaging technique [80]. In addition, fMRI investigation provided the functional connectivity
of the brain such as abnormality in the hippocampus [81]. Positron emission tomography (PET)
is an advanced imaging technique using compounds labelled with short-lived positron-emitting
radionuclides to detect Aβ associated metabolic activity and plaques deposition in AD [82].
Commonly used PET tracers, including Pittsburgh Compound-B (PiB) and Fluoro-2-deoxy-D-glucose
(FDG), have a high sensitivity and specificity of diagnosis, particularly in the early stages, and are
utilized in imaging biomarkers of amyloid plaque progression in individuals [83].

6.4. Assessment of Imaging Biomarkers

In a clinical setting for AD diagnosis, imaging techniques are often used as a second or third
line of investigation due to the unavailability of imaging facility at every center, especially in rural
areas. Imaging require rigorous measurement, expertise to interpret the findings and burden of high
cost, preventing their frequent use in the routine clinical assessment of individual during their first
visit. 18F-FDG-PET analysis may differentiate dementia from normal aging and is used as an indicator
biomarker for neurodegeneration; however, it is unable to track down pathology at an early stage of AD.
In addition, the current practicing guidelines and expert opinions suggested that amyloid PET analysis
was unable to anticipate the trajectory of AD disease progression for an individual patient [84,85].
Moreover, it is also uncertain how effective the PET analysis is at characterizing differences across the
pathophysiological phase of AD.

7. Promising Biomarkers in AD

7.1. Proteomic or Enzymatic Biomarkers in AD

In order to investigate novel protein and their capacity to predict AD, an early study analyzed
120 plasma proteins and discovered 18 signaling proteins, which showed 90% of accuracy in
diagnosis for AD patients and 91% for MCI patients [86]. Further studies have been reported
a total of 1590 AD-related proteins, including 296 proteins encoded with 115 up-regulated and
181 down-regulated genes, and supposed to be blood-secretory proteins involved in the pathogenesis of
AD [87]. It was suggested that around 35 AD-related proteins are consistent, including four key proteins
(APP, apolipoprotein E, PSEN-1, and PSEN-2) involved in AD pathology [87]. Synaptic proteins
such as synaptosomal-associated protein 25 (SNAP-25) and synaptotagmin-1 (SYT1) were found to be
significantly increased in the CSF of AD dementia and prodromal AD patients; however, SNAP-25 and
SYT1 were specified to decline in cortical areas [88,89]. To facilitate early diagnosis in AD, a protein
profiling of blood samples in mild AD patients showed a downregulation of apolipoprotein A1,
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α-2-HS-glycoprotein, and afamin, while, apolipoprotein A4 and the fibrinogen gamma chain were
identified upregulated [90].

The CSF BACE1 enzymatic activity and protein concentration has been elevated in AD patients [91],
and represented as an indicator biomarker of MCI [92]. In support of elevated BACE1 activity, a study
reported a significant rise in plasma BACE1 activity by 53.2% in subjects with MCI and by 68.9% in
patients with AD and suggesting plasma BACE1 activity as a diagnostic biomarker [93]. The study
focused on plasma-based biomarkers showed a significantly elevated level of BACE1, and soluble
forms of APP were observed in AD patient [94]. Further study showed the presence of increased BACE1
enzymatic activity along with the increase in phospholipase-A2 activity in platelets and brains of
patient with AD [95]. One of the main interests for determining BACE1 biomarker is the development
of specific BACE1 inhibitors, which may help in the reduction of amyloid production. It is unfortunate
that the present plasma BACE1 investigation as biomarkers have not demonstrated a consistent result
in terms of significant rise in BACE1 in AD patients compared to normal individuals. In search of other
proteomic or enzymatic biomarker, the protein kinases such as glycogen synthase kinase 3β (GSK-3β)
has been observed in tau protein hyperphosphorylation, and reported significantly elevated in plasma
of MCI and AD patients compared with aged-matched controls [96] as well as their elevated level was
also observed in white blood cells of AD and MCI patients compared with healthy individuals [97].

7.2. Assessment of Proteomic or Enzymatic Biomarkers

Several studies have shown the presence of proteins in plasma or serum, including albumin,
lipoproteins, Aβ autoantibodies, fibrinogen, immunoglobulin, apolipoprotein-J, apolipoprotein-E,
transthyretin, α-2-macroglobulin, serum amyloid p-component, plasminogen and amylin were found
to be strongly interferes with the estimation of specific protein biomarkers. It was found that studies
that have been conducted on proteomic or enzymatic biomarkers were only in cohorts with unmatched
age patients and a target single protein or enzymatic marker; therefore, such studies were required
to be focused on proteomics and enzymatic research in individuals with MCI and AD compared
to aged-matched controls. Proteomic or enzymatic biomarkers could be an excellent and potential
candidate for blood biomarkers as diagnostic tools, but due to the presence of low concentration and
the incidence of protein-protein interactions in plasma result the inconsistency in outcomes.

Therefore, it is difficult to replicate due to the lack of specificity and accuracy involved in the
current methods of investigation. Thus, the development of highly sensitive and reproducible novel
methods that might have the capability to detect the plasma biomarkers in low concentration with
accuracy is required.

7.3. Inflammatory Biomarkers in AD

Inflammation is one of the major cellular events considered at the initial pathogenic factor
causing neurodegeneration in AD mainly through the activation of microglia. Out of the several
investigated inflammatory biomarkers, the diminished C-reactive protein (CRP) level and increased
level of triggering receptor expressed on myeloid cells-2 (TREM-2) were observed in the CSF of
the patient with AD compared to the normal elderly controls [98]. Moreover, the reduced levels of
plasma CRP was also observed in AD patients compared to MCI or normal cognition individuals [99].
The estimation of TREM-2 in CSF and blood is a marker of microglia response. Several studies have
investigated the concentration of TREM-2 and reported their increased levels in CSF of AD patient,
which was mainly associated with tau pathology compared to the controls [100,101].

Further studies have shown polymorphism in about 23 cytokines, and their 13 types were found to be
observed in AD pathogenesis, including interleukins, TNF-α, TGF-β and IFN-γ [102]. Pro-inflammatory
cytokines such as TNF-α level were significantly increased followed by decrease in the anti-inflammatory
cytokine TGF-β level in CSF, which showed a positive correlation with a higher risk of disease progression
from MCI to AD [103]. The concentration of cytokine I-309 level was found to be increased in CSF and
suggested as a possible predictor of progression from MCI to AD patients [104]. It has been suggested
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that the presence of cytokines elevated steadily or reached the highest level upon progression from MCI
to AD individuals, including IL-1β, IL-6, TNF-α, IL-18, monocyte chemotactic protein (MCP)-1 and IL-10
can be used as a predicting biomarker for early diagnosis [102].

Microglial activation involved in the stimulation of astrocytic expression of YKL-40 (also known as
chitinase-3-like protein-1 (CHI3L1)), which was observed in significantly higher levels in the CSF of AD
patients compared to the cognitively normal individuals [105]. Most of the studies have investigated
the elevated effect of YKL-40 in CSF; however, less studies have been able to detect YKL-40 in blood,
showing a similar finding of increased YKL-40 level in plasma [106].

7.4. Assessment of Inflammatory Biomarkers in AD

Despite the elevation of the inflammatory biomarker TREM-2 in AD, few studies have reported
conflicting results with no significant change in CSF TREM-2 levels in MCI and AD patients compared
to the controls [107]. In addition, to recognize TREM-2 as a potential inflammatory biomarker in AD
diagnosis, their physiological function has been questioned whether it has a constructive or a harmful
effect in human body. Due to non-specific diagnosis of TREM-2 in other neuroinflammatory diseases,
the biomarkers have faced challenges and required further studies to answer these questions on the
molecular basis. The other biomarker YKL-40 investigation in AD have shown a limited diagnostic value
due to their non-specific findings in neurological disease other than AD. However, it has been suggested
that YKL-40 has a potential role in astroglial activation and the assessment of neuroinflammation
treatment, which required further investigation with a specified sensitive method and an inflammatory
biomarker in AD.

The majority of studies investigated inflammatory cytokines or chemokines as biomarkers
insufficiently sensitive in plasma and could not be reproduced. In addition, there was a lack in the
conduction of study in a large cohort using imaging or CSF samples of individuals with MCI and AD
for the detection of inflammatory biomarkers. Therefore, it is warranted to investigate and confirm
inflammatory biomarkers targeting individuals for early intervention in future studies.

7.5. Oral, Ocular and Olfactory Fluid Biomarkers in AD

Body fluid other than CSF and blood, including oral, ocular and olfactory have received attention
for detecting the biomarkers of AD because of their easily available, noninvasive nature and inexpensive
sample collection methods. A decade ago, one pilot study reported a significant rise in saliva Aβ42

levels in patients with mild AD compared to the control, while saliva Aβ40 level was detected
unchanged [108]. Further study reported a two-folds increase in salivary Aβ42 concentration in AD
patients compared to the controls, which have identical levels of salivary Aβ42 regardless of sex or
age [109]. Further pilot study using the 1H NMR metabolomics technique for detecting salivary
Aβ42 found a significant rise in salivary Aβ42 concentration in MCI and AD patients compared to
controls [110]. In the line of previous results showing the elevated level of salivary Aβ42, a study based
on enzyme-linked immunosorbent-type assays methods reported an increased Aβ42 level in patients
with AD compared to controls [111].

In order to attempt early diagnosis and the development of a non-invasive method for AD,
studies have reported the presence of significant Aβ plaque concentration deposited in the retina [112].
A quantitative and histological study showed a two-fold increase in retinal Aβ deposition in the form
of protofibrils and fibrils among AD patients versus controls [113]. A similar study has detected retinal
Aβ plaque deposition two months prior to their presence in the hippocampus and cortices of AD
murine models and suggested the appearance of Aβ in the retina is an early event in the pathogenesis
of AD [113]. The emerging single visit, label-free, cost-effective eye scan along with the emergence of
mobile imaging modalities for the early detection of Aβ plaques in retina through the polarization
imaging of retinal Aβ and retinal fluorescence lifetime imaging ophthalmoscopy have been suggested
as early diagnostic tools [114].
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The olfactory dysfunction has been associated with tau pathology from early to advanced AD and is
well recognized. A study based on the Braak stage of AD showed the presence of tau pathology 90%
and Aβ 9% in stage 4 followed by 44.6% of tau pathology and Aβ 9% in stage 3 [115]. The olfactory tau
pathology in stage 2 represented by 36.4% without Aβ deposition; however, Braak stages 0 and 1 do not
show any positive association of tau pathology [115]. Further study showed significant elevation in t-tau
protein and p-tau tau protein levels in the patients with AD suffering from loss of smell, compared to the
healthy controls [116]. The results of a recent meta-analysis suggested that the identification of olfactory
dysfunction was more profound in AD patients compared to MCI patients [117].

7.6. Assessment of Oral, Ocular and Olfactory Fluid Biomarkers in AD

The oral, ocular and olfactory biofluid as potential biomarkers in AD diagnosis are still in the
preliminary stage of research, requiring further investigation to overcome the methodological heterogeneity
and discrepancy in accuracy. Thus, there is a need to develop a reliable quantitative method among
consecutive or random samples to determine these biomarkers as an effective tool for diagnosing AD.

8. Conclusions

AD is a multifactorial disease without a confirmatory biomarker; however, based on the NIA-AA
guideline, the currently available biomarkers may provide a positive direction to identify individuals
who are on risk of AD, and need of routine screening for early diagnosis. The most studied and
practiced biomarkers for AD diagnosis are CSF Aβ42, CSF Aβ42/Aβ40, CSF p-tau, amyloid PET, tau PET,
structural MRI and fMRI. The accumulated evidences have been established that Aβ42 and tau levels
were found quite lower (~30 to 100 times) in plasma compared to CSF. Furthermore, because plasma
and serum already enriched with immense level of several proteins (~50–70 g/L) which interferes in
detection and face challenges in poor outcome of NIA-AA suggested biomarkers in blood compared
to CSF. Therefore, there is no doubt that the investigation of biomarkers in blood face inconsistency
in findings due to their low appearance (concentration) in blood (plasma or serum) than in the CSF.
To date, there are weak evidences supporting the dominance of biomarker over the other (CSF/imaging)
for diagnostic tools in AD. Thus, in terms of availability or diagnosis, CSF have less challenges in
the A/T/N framework-based biomarkers compared to blood-based biomarkers (Figure 2). Despite of
challenges in blood-based biomarkers, the early detection of biomarkers (plasma NfL) could be a
promising diagnostic tool in body fluid blood which can be routinely investigate in the individual
reaching the age of 60 years. In a nut-shell, blood-based biomarkers should pay more attention in
order to support the patient’s comfort, highly sensitive, least invasive and cost-effective inexpensive
technologies for biomarker detection are required for detection and analysis in the range of 10−15 to
10−12 M in individuals before entering MCI stage.
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Figure 2. Overview of investigation and development CSF and blood-based biomarkers in Alzheimer’s
disease diagnosis.
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Abstract: Alzheimer’s disease (AD) is the most common cause of dementia and affects a large
portion of the elderly population worldwide. Currently, a diagnosis of AD depends on the clinical
symptoms of dementia, magnetic resonance imaging to determine brain volume, and positron
emission tomography imaging to detect brain amyloid or tau deposition. The best characterized
biological fluid markers for AD are decreased levels of amyloid β-protein (Aβ) 42 and increased
levels of phosphorylated tau and total tau in cerebrospinal fluid (CSF). However, less invasive and
easily detectable biomarkers for the diagnosis of AD, especially at the early stage, are still under
development. Here, we provide an overview of various biomarkers identified in CSF and blood for
the diagnostics of AD over the last 25 years. CSF biomarkers that reflect the three hallmarks of AD,
amyloid deposition, neurofibrillary tangles, and neurodegeneration, are well established. Based on
the need to start treatment in asymptomatic people with AD and to screen for AD risk in large numbers
of young, healthy individuals, the development of biomarkers for AD is shifting from CSF to blood.
Elements of the core pathogenesis of AD in blood, including Aβ42, tau proteins, plasma proteins, or
lipids have shown their usefulness and capabilities in AD diagnosis. We also highlight some novel
identified blood biomarkers (including Aβ42/Aβ43, p-tau 181, Aβ42/APP669-711, structure of Aβ in
blood, and flotillin) for AD.

Keywords: Alzheimer’s disease; biomarker; cerebrospinal fluid; blood

1. Introduction

Alzheimer disease (AD) is an age-dependent neurodegenerative disorder and the most prevalent
form of dementia in the elderly population. AD is characterized by amyloidβ-protein (Aβ) deposition in
senile plaques in the brain parenchyma and by phosphorylated tau deposition in neurofibrillary tangles
in cerebral neurons [1]. Until the 2000s, clinical diagnosis of AD depended on clinical symptoms,
cognitive examination, and the exclusion of other etiologies of dementia. A definitive positive
diagnosis of AD could only be made by post-mortem pathological confirmation of brain parenchymal
Aβ deposition and neurofibrillary tangles [2]. Later, structural imaging of the hippocampus with
magnetic resonance imaging became an integral part of the clinical assessment of patients with AD [3,4].
Recently, innovative imaging for brain Aβ deposition in patients using positron emission tomography
(PET) technology was approved for clinical use [5].

The exploration of AD biomarkers in biological fluid has focused on the core molecules of AD
pathogenesis, Aβ and tau proteins. Aβ in brain senile plaques contains 40–43 amino acids, and Aβ42
and Aβ40 are the major species generated by sequential proteolytic cleavage of amyloid precursor
protein (APP) by β- and γ-secretases [6]. Most APP undergoes non-amyloidogenic processing by
α-secretase, generating a non-amyloidogenic fragment of Aβ, called p3 [7]. The longer species, Aβ42
and Aβ43, are highly prone to aggregation, deposit early in the brain, and the oligomers are highly
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toxic to neurons [1,8,9], whereas Aβ40 may have antioxidant and anti-amyloidogenic effects [10–12].
Although numerous arguments remain regarding the causative molecule for AD, Aβ or phosphorylated
tau (p-tau), extensive evidence suggests that Aβ42 deposition in the brain parenchyma appears earlier
than p-tau deposition in neurofibrillary tangles and can be detected in the brain many years prior to the
appearance of AD clinical symptoms [13]. In addition, the strongest evidence for Aβ42 as the causative
molecule for AD is from genetic studies of familial AD (FAD) with mutations in APP, presenilin 1
(PSEN1, PS), or presenilin 2 (PSEN2, PS), which lead to the highest risk for AD among all AD risk
genes identified so far [14]. PS1 and PS2 are the catalytic components of γ-secretase for Aβ generation.
The involvement of either substrate (APP) or enzyme (PS) in FAD indicates a central role for Aβ42 in
AD pathogenesis [15]. Thus, Aβ42 became the most important target in terms of both biomarkers and
therapeutic strategy development for AD.

Current approved treatments for AD target its symptoms, but more and more clinical trials
are testing potential disease-modifying drugs, which target the most upstream molecule of AD
pathogenesis: Aβ42. However, over the past few decades, many anti-Aβ clinical trials have failed to
treat symptomatic AD. Recently, Phase 3 clinical trials using a β-secretase inhibitor or a γ-secretase
inhibitor to inhibit Aβ generation, or using Aβ antibodies to promote Aβ clearance in the early or
mid-stage of AD, also failed to achieve their expected therapeutic effect [16–18]. One suggestion for
these failures is that the anti-Aβ treatment could not rescue degenerative neurons or synapses that
were already damaged by toxic Aβ42. Current clinical trials targeting Aβ have focused on preclinical
patients without AD symptoms rather than symptomatic AD patients or patients with mild cognitive
impairment (MCI). Thus, reliable biomarkers are required for rapid, early, and less-invasive detection
in the predementia phase. Biomarkers identified from cerebrospinal fluid (CSF) and blood have shown
high potential to diagnose AD at the early stage or to predict AD onset in the future.

In this mini review, we highlight biomarkers for AD diagnosis found in CSF and blood, including
the core pathological proteins, Aβ42 and tau, and neurodegeneration- and metabolism-related
biomarkers (Figure 1). In addition to the breakthrough finding of decreased Aβ42 and increased p-tau
in CSF for AD diagnosis, additional, less-invasive, and easily accessible blood biomarkers are emerging.

Figure 1. Pathogenic cascade and associated biomarkers of Alzheimer’s disease (AD). Amyloid cascade
hypothesis of AD is shown on the left side. Selected and associated biomarkers at each pathogenic
stage of AD are shown on the right side. Aβ42, amyloid β-protein 42; Aβ43, amyloid β-protein 43;
Aβ40, amyloid β-protein 40; Aβ38, amyloid β-protein 38; APP, amyloid precursor protein; BACE1,
β-site APP-cleaving enzyme 1; CSF, cerebrospinal fluid; PET, positron emission tomography; p-tau,
phosphorylated tau; t-tau, total tau; NF-L, neurofilament light; VILIP-1, visinin-like protein 1; SNAP-25,
synaptosome-associated protein 25; MRI, magnetic resonance imaging; FDG, fluorodeoxyglucose.
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2. CSF Markers of AD

2.1. AD Pathogenesis Molecule-Based Biomarkers in CSF

2.1.1. CSF Aβ Markers

CSF is in indirect contact with the extracellular space of the brain, and biochemical changes in
the brain are therefore reflected in the CSF. Neurovascular and blood–brain barrier dysfunction may
develop in neurodegenerative diseases. CSF is thus the optimal source for AD biomarkers [19]. The core
pathogenic molecules for AD, Aβ42, total tau (t-tau), and p-tau in CSF, were studied beginning in the
1990s and have become reliable and sensitive biomarkers for AD diagnosis [20,21]. A marked decrease
in CSF Aβ42 and a marked increases in CSF t-tau and p-tau can be used to identify symptomatic AD
patients with a sensitivity and specificity above 80% [22]. The decrease in CSF Aβ42 is also useful for
predicting later AD development. In a population-based study, Skoog et al. found that CSF Aβ42 is
reduced before the onset of sporadic dementia [23]. Gustafson et al. reported that low levels of CSF
Aβ42, but not high t-tau, may predict cognitive decline in older women [24]. Similarly, Stomrud et al.
found that CSF Aβ42, but not t-tau or p-tau, can predict cognitive decline in healthy elderly people [25].
In contrast to CSF Aβ42, CSF Aβ40, the predominant species of Aβ, did not show a significant change
in an AD group compared with a normal control group [20]. In another study by Nutu et al., the CSF
Aβ40 level in AD was higher than that in Parkinson’s disease dementia (PDD) and dementia with Lewy
bodies (DLB), suggesting that the Aβ42/40 ratio may improve differentiation of AD from PDD and
DLB [26]. Janelidze et al. also found that decreases in the Aβ42/40 and Aβ42/38 ratios may be better
diagnostic markers of AD than CSF Aβ42 alone for discrimination of AD from non-AD conditions,
especially from DLB, PDD, and vascular dementia (VaD) [27]. Similarly, Baldeiras et al. reported that
addition of the Aβ42/40 ratio to the CSF biomarker profile increases the predictive value for underlying
AD in MCI [28]. Recently, the usefulness of using CSF Aβ42 to predict preclinical AD was confirmed in
cognitively normal individuals with inherited AD genes. An FAD cohort study from the Dominantly
Inherited Alzheimer Network indicated that CSF Aβ42 levels may first increase and then start to
decline 25 years before the onset of AD symptoms, whereas amyloid deposition measured with PET
and Pittsburgh compound B and an increased concentration of t-tau in the CSF can be detected 15
years before expected symptom onset [29]. These findings raise the possibility that the decline in CSF
Aβ42 may be the earliest marker for identifying preclinical AD, not only in FAD, but also in sporadic
AD. However, obtaining CSF is invasive, risky, and unsuitable for screening healthy people.

Combined with hippocampal volumetry, fluorodeoxyglucose (FDG) PET, amyloid PET, decreased
Aβ42, and increased tau or p-tau in CSF have been used in the National Institute for Aging-Alzheimer
Association (NIA-AA) criteria to diagnose AD, to predict later onset of AD, and to differentiate AD
from normal aging with MCI [1].

Oligomerization of Aβ42 has long been suggested as the central pathogenic event in AD [6,30].
The decrease in CSF Aβ42 was thought to be caused, at least in part, by deposition in amyloid plaques.
Another interpretation is that oligomerization or aggregation of CSF Aβ42 reduces the detection
of Aβ42 monomers with an enzyme-linked immunosorbent assay (ELISA). One ELISA method for
examining Aβ oligomers was designed by Fumumoto et al., using the same antibody for capture
and detection. Monomeric Aβ will not be detected because the epitope is already occupied by the
captured antibody. They found that the level of Aβ oligomers in CSF was higher in AD or MCI patients
compared with age-matched controls [31]. However, this study cannot identify the nature of the Aβ

oligomers, e.g., dimers, trimers, or tetramers, and this finding needs to be confirmed in other larger,
independent studies.

2.1.2. CSF t-tau and p-tau Markers

Tau proteins are located in neuronal axons and play roles in maintaining the stability of
microtubules in neurons of the central nervous system (CNS). Tau proteins in the human brain
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are composed of six soluble isoforms and numerous phosphorylation sites [32]. Hyperphosphorylated
tau proteins disassociate from microtubules and form insoluble aggregates in neurons, which are called
neurofibrillary tangles [33,34]. CSF t-tau and p-tau are frequently studied in neurodegenerative diseases.
CSF t-tau levels can serve as a neuronal injury marker and are increased in many neurodegenerative
diseases, such as Creutzfeldt-Jakob disease [35], AD, DLB, and frontotemporal dementia (FTD),
whereas CSF p-tau 181 or p-tau 231 (tau phosphorylated at threonine 181 or threonine 231) levels
increase more specifically in AD than in other neurodegenerative diseases. Thus, p-tau may reflect the
hyperphosphorylation of tau and the formation of neurofibrillary tangles in AD [2,36,37].

Blennow et al. demonstrated that marked elevations of t-tau and paired helical filaments (PHF)-tau
(tau phosphorylated at serine 202 and threonine 205) are consistently found in the CSF of AD patients.
However, moderate elevations of t-tau and PHF-tau are also found in other neurodegenerative diseases,
such as VaD and frontal lobe dementia [38]. Later, Vanmechelen et al. reported a method using
sandwich ELISA for detecting p-tau 181 and found that CSF p-tau 181 levels were increased in AD
patients compared with age-matched controls, whereas levels were decreased in patients with FTD,
suggesting that CSF p-tau 181 could be a more specific marker for AD [39]. Kohnken et al. developed
a sandwich ELISA for detecting p-tau threonine 231 that shows 85% sensitivity and 97% specificity
for discrimination of AD from non-AD controls [40]. These findings were confirmed in numerous
subsequent studies. In a meta-analysis comprised of 164 cohorts with AD and 153 control cohorts
representing 11,341 AD patients and 7086 controls, increased levels of CSF t-tau and p-tau were strongly
associated with AD and MCI patients that developed AD [41]. Similar to CSF Aβ42, although CSF
t-tau and p-tau are already included in the diagnostic criteria for symptomatic or prodromal AD, they
are difficult to use in healthy people at the preclinical stage because of the limitation of obtaining
CSF samples.

2.1.3. CSF β-Site APP-Cleaving Enzyme 1 (BACE1) Marker

BACE1 is the major β-secretase responsible for Aβ generation. Mutations in BACE1 have not yet
been reported in FAD. However, mutations in APP near the β-cleavage site may be responsible for
early-onset FAD (Swedish mutation) or may be protective for preventing late-onset sporadic AD [42].
To study whether up-regulation of BACE1 is an early pathogenic event in AD, some human in vivo
studies have reported good diagnostic performance of CSF BACE1 levels and activity for separating
symptomatic AD patients and patients with MCI from cognitively healthy controls. Holsinger et al.
found increased BACE1 activity in the CSF of AD patients, whereas Zhong et al. showed that increased
CSF BACE1 levels can be a predictor of risk in patients with MCI [43,44]. Later, Ewers et al. reported
that increased CSF BACE1 activity is not only associated with the apoE4 genotype in MCI and AD
patients, but is also associated with decreased hippocampal volume in AD [45,46]. However, the
diagnostic value of CSF BACE1 activity requires further evaluation and confirmation in larger studies
from different groups.

2.2. Neurodegeneration-Based Biomarkers in CSF

In addition to the three core CSF biomarkers, Aβ42, t-tau, and p-tau, biomarkers that reflect
axonal neurodegeneration, synapse loss, and activation of glial cells have also been extensively
explored [37,47].

Neurofilaments are intermediate filaments that serve as structural components of neuronal
axons, particularly large myelinated axons. In the CNS, neurofilaments are heteropolymers and
are composed of four subunits, neurofilament light (NF-L), neurofilament middle, neurofilament
heavy, and α-internexin [48]. NF has been extensively examined in patients with neuronal injury and
neurodegenerative diseases because it is released into CSF and systemic circulation when neurons
are injured [49]. Recently, Sjogren et al. found that CSF NF-L levels are increased in patients with
FTD and late onset AD compared with control subjects, and the increase in FTD patients is higher
than in late onset AD [50]. In a meta-analysis, Olsson et al. found that NF-L has a large effect size
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for differentiating AD patients from control individuals [41]. However, high CSF levels of NF-L are
also found in other neurodegenerative diseases, such VaD, normal-pressure hydrocephalus, multiple
sclerosis, and amyotrophic lateral sclerosis [51–54]. Thus, CSF NF-L could be a representative marker of
neurodegeneration, but not a specific marker for distinguishing AD from other neurological disorders.
Nevertheless, Zetterberg et al. showed that higher CSF NF-L concentrations are associated with
cognitive deterioration and brain atrophy over time in AD and MCI groups, indicating that CSF NF-L
can be used as a marker for AD progression [49].

Visinin-like protein 1 (VILIP-1) is a neuronal calcium sensor protein that is exclusively expressed
in neurons and can be used as a brain injury marker [55]. Lee et al. found that CSF VILIP-1 levels
are significantly higher in AD patients compared with controls and that the diagnostic performance
of VILIP-1 is similar to CSF Aβ42, t-tau, or p-tau [56]. Higher CSF VILIP-1 levels in AD patients
compared with controls have also been reported in several other studies. Tarawneh et al. reported that
CSF VILIP-1 and CSF VILIP-1/Aβ42 ratios are increased in early AD, suggesting the utility of them as
diagnostic or prognostic markers of AD [57]. Later, they reported that CSF VILIP-1 levels can predict
rates of whole-brain and regional atrophy, similar to tau and p-tau 181 [58]. CSF VILIP-1 levels have
been consistently shown to be higher in AD patients compared with normal controls [59–61]. Luo et al.
showed that CSF VILIP-1 levels are significantly increased in AD patients compared with both normal
controls and DLB patients. However, a recent meta-analysis performed by Mavroudis et al. did not
show a significant difference between AD and DLB [62]. Because the reports are limited, whether CSF
VILIP-1 can be used as a specific marker for AD that discriminates AD from other neurodegenerative
diseases needs to be further studied.

In addition to NF-L, which represents axonal damage, several pre- and postsynaptic proteins
are increased in the CSF of AD patients, such as neurogranin, synaptosome-associated protein 25
(SNAP-25), and synaptotagmin. Neurogranin is a postsynaptic protein that is predominantly expressed
in dendritic spines and plays a role in postsynaptic signaling pathways. Using immunoprecipitation
enrichment of neurogranin, Thorsell et al. found a significant increase in neurogranin in the CSF of
AD patients compared with a control group [63]. Several studies from different groups consistently
confirmed higher levels of CSF neurogranin in AD patients compared to controls [64–66]. Keter et al.
further showed that CSF levels of neurogranin are higher in patients with MCI who progressed to AD
compared with those with stable MCI, indicating that neurogranin can be used as a predictive factor of
progression from MCI to AD [67]. Tarawneh et al. proposed the diagnostic and prognostic utility of
CSF neurogranin as a synaptic marker in early symptomatic AD [68]. However, the diagnostic value
of CSF neurogranin in AD or MCI is still based on other diagnostic indexes of AD. Lista et al. have
shown that CSF neurogranin concentrations are significantly higher in AD patients compared with
FTD patients [66]. CSF neurogranin levels in other types of dementia or neurodegenerative diseases
need to be studied further.

By using novel affinity mass spectrometry, Brinkmalm et al. found significantly higher levels of
CSF SNAP-25 fragments in AD patients than controls [69]. In another longitudinal study, Sutphen et al.
also revealed that CSF SNAP-25 levels are significantly higher in AD and MCI patients than controls,
but decline over time in the AD group [61]. The increase in SNAP-25 fragments in CSF has the highest
power among synaptic biomarkers to distinguish AD patients from non-AD patients [70].

Ohrfelt et al. reported that the presynaptic protein, synaptotagmin, is significantly increased in
the CSF of patients with AD, or MCI patients that developed AD [71]. Recently, Tible et al. confirmed
that all these synaptic biomarkers are significantly increased in patients with AD and MCI patients
that developed AD. Given that the synaptic proteins are general markers of synaptic dysfunction,
they likely can be used as supplementary diagnostic biomarkers for AD or MCI patients that have
developed AD, but not as exclusive diagnostic markers for AD.
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3. Blood Markers of AD

3.1. AD Pathogenesis Molecule-Based Biomarkers in Blood

3.1.1. Blood Aβ Markers

As with CSF Aβ levels, Aβ42 and Aβ40 are the most extensively studied blood markers for
the diagnosis of symptomatic and prodromal AD. During the first decade of the 2000s, the findings
regarding Aβ42 and Aβ40 levels in the plasma of AD patients were not consistent, and sometimes the
results were contradictory. Mayeux et al. found increased plasma Aβ42 levels, but not plasma Aβ40,
in AD patients at baseline and in those who developed AD within 3 years in a follow-up study. The
risk of AD onset in individuals with high plasma Aβ42 was increased more than 2-fold compared to
those with low plasma Aβ42 [72]. In later studies, van Oijen et al. reported that a high concentration
of plasma Aβ40 is associated with an increased risk of dementia [73], whereas Yaffe et al. found that a
lower plasma Aβ42/Aβ40 ratio is associated with greater cognitive decline among elderly persons
without dementia over 9 years [74]. This discrepancy may come from the clinical stage of examination
and/or the mix of other types of dementia.

Using magnetic resonance imaging for hippocampal volumetry and amyloid PET technology,
patients with AD and MCI patients that developed AD can be specifically discriminated from patients
with other types of dementia and MCI patients that did not develop AD in the last decade. Zou et al.
showed that Aβ42 levels are lower, and Aβ43 levels are higher, in the serum of AD patients compared
with age-matched normal controls, suggesting that a lower Aβ42/Aβ43 ratio can be used as a blood
marker for AD diagnosis [9]. In two independent data sets, Nakamura et al. also revealed a significant
decrease in plasma Aβ42 levels in brain amyloid-positive AD or MCI patients compared with cognitively
normal individuals. They also found that the combination of decreased Aβ42/APP669–711 and the
Aβ42/Aβ40 ratio showed the highest and most stable performance in predicting brain amyloid burden
at an individual level [75]. Recently, a correlation between a lower plasma Aβ42/Aβ40 ratio and
amyloid burden was consistently confirmed in other independent studies. Perez-Grijalba et al. showed
that a decreased plasma Aβ42/Aβ40 ratio alone can accurately predict positivity and detect early
stages of AD [76,77]. Using a multiplex sensor array, Kim et al. showed that a lower Aβ42/Aβ40 ratio
and a higher plasma t-tau/Aβ42 and p-tau 181/Aβ42 ratios successfully discriminated AD patients
from healthy controls [78]. In addition to plasma Aβ levels, Nabers et al. showed that a change
in the secondary structure of Aβ in human blood plasma can be used as a blood amyloid indicator
for prodromal AD. The change to an increased β-sheet structure of Aβ is correlated with CSF AD
biomarkers and amyloid PET imaging [79]. Because the structure of Aβ is not stable and may change
in several hours, this technology needs relatively high techniques and must be confirmed by other
independent studies.

Consistent with the findings of lower CSF Aβ42 levels in AD patients, recent studies strongly
suggest that plasma Aβ42 levels also decrease in AD patients or amyloid-positive MCI patients. Thus,
the combined use of Aβ42/Aβ40, Aβ42/Aβ43, Aβ42/APP669-711, Aβ42/t-tau, or Aβ42/p-tau 181 may
accurately diagnose or predict AD.

3.1.2. Blood p-tau Markers

Because of the invasiveness and high costs of examining CSF tau, plasma tau has also become
a candidate blood marker for AD diagnosis, and many studies have focused on quantitation of tau
in AD, MCI, and normal groups. Because the tau levels in plasma are much lower than in CSF, an
ultra-sensitive assay was developed by Zetterberg et al. They found elevated t-tau levels in plasma from
patients with AD compared with those from control or MCI patients, whereas no difference was found
between MCI patients that developed AD and stable MCI patients [80]. In a later study, Mattsson et al.
studied two large cohorts and reported that plasma t-tau may partly reflect AD pathology, but a large
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overlap was found between patients with AD and age-matched controls, suggesting that using plasma
t-tau as an AD biomarker in individual people is difficult [81].

Recently, Tatebe et al. developed a novel ultrasensitive immunoassay for the quantitation of
plasma p-tau 181. Although the number of participants was small, they clearly showed that plasma
p-tau 181 is significantly increased in patients with AD, as well as in patients with Down’s syndrome,
compared with normal controls [82]. Karikari et al. further confirmed the increase in plasma p-tau
181 levels in patients with AD and MCI patients that developed AD and showed that plasma p-tau
181 can discriminate AD dementia from not only normal young and older adults, but also FTD, VaD,
progressive supranuclear palsy, corticobasal syndrome, Parkinson’s disease, and multiple system
atrophy [83].

3.2. Other Biomarkers in Blood

Because neuronal or synaptic biomarkers indicate general neuronal injury in many
neurodegenerative diseases, the blood levels of these proteins may not be specific markers for
AD. Benussi et al. assessed the diagnostic and prognostic value of serum NF-L and serum p-tau 181.
They found that serum NF-L levels are increased in both FTD and AD and cannot distinguish AD
from FTD, whereas serum p-tau 181 levels are specifically increased in patients with AD [84]. Similarly,
plasma NF-L is increased in both progressive supranuclear palsy and AD [85]. Regarding the use of
other neurodegeneration-based biomarkers for AD diagnosis such as VILIP-1, neurogranin, SNAP-25,
and synaptotagmin, very few studies were performed on their levels in plasma, and the results
were inconsistent and very limited [37,47]. Therefore, these neuronal and synaptic biomarkers are
currently considered to be representative of neurodegeneration, and may be parameters for assessing
the progression or degree of AD and other types of dementia, but not useful for accurate diagnosis
of AD.

In addition to the molecules related to AD core pathogenesis and neurodegeneration, other
plasma proteins, lipids, and metabolites were also extensively studied in patients with AD. Ray et al.
used ELISA and identified 18 signaling proteins in blood plasma. The change in the pattern of those
proteins can distinguish AD and MCI that progressed to AD from control subjects with near 90%
accuracy [86]. Using a multiplex assay, Doecke et al. identified another set of plasma proteins that
distinguishes individuals with AD from healthy controls with high sensitivity and specificity [87],
and Hye et al. identified 10 plasma proteins that are strongly associated with progression from MCI
to AD [88]. The change in these plasma proteins seems to result from neurodegeneration or other
systemic disorders in AD. Because the number of these plasma proteins is large, and examining all of
the proteins is expensive, the patterns of change in these proteins in AD have still not been confirmed
by other independent studies.

The systemic abnormalities in lipid metabolism in the blood of AD patients have also been studied
by using quantitative and targeted metabolomics and mass spectrometry. Mapstone et al. identified
10 phospholipids from healthy elderly people that predicted conversion to either MCI or AD within
2–3 years with over 90% accuracy, suggesting their use in detection of early neurodegeneration in
preclinical AD [89]. Recently, Varma et al. also identified four sphingolipids and found that their higher
blood concentrations in cognitively normal individuals are associated with an increased risk of future
conversion to incident AD [90]. The change in the levels of these phospholipids and sphingolipids
in blood may reflect a disorder of lipid metabolism and/or neuronal degeneration in the CNS at the
very early stage without cognitive symptoms. However, whether they distinguish AD from other
types of dementia and neurodegenerative diseases needs to be further investigated. Given the high
cost of quantifying a set of plasma proteins or lipids, single blood markers could be easier to use for
screening for AD in large populations. In a recent study, Abdullah et al. identified flotillin, an abundant
exosome protein, as a novel diagnostic marker for AD. Serum flotillin levels are significantly decreased
in patients with AD and amyloid-positive MCI patients compared with age-matched patients with
VaD and MCI patients without amyloid [91]. The decrease in flotillin levels may result from reduced
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exosome secretion caused by Aβ42 oligomers [92]. Thus, flotillin is likely to be a secondary responding
molecule to pathogenetic Aβ42. The above CSF and blood biomarkers for AD were summarized in
Table 1.

Table 1. Selected biomarkers of AD in cerebrospinal fluid (CSF) and blood.

Biomarker Relevance in AD Change in CSF/Blood of AD

Aβ42

Distinguishing AD, mild cognitive impairment
(MCI) that developed AD and preclinical AD
from normal controls and other
neurodegenerative disease

Consistently decreased in CSF, also decreased in
blood [20–29,74–78]

Aβ40 Inconsistent results for Aβ40 alone, Aβ42/Aβ40
ratio could be a better biomarker than Aβ42 alone

Aβ42/Aβ40 ratio consistently decreased in CSF,
also decreased in blood [20–29,73]

Aβ38
Inconsistent results for Aβ38 alone, Aβ42/Aβ38
ratio could be a better biomarker than Aβ42 alone
for discrimination of AD from other dementia

Aβ42/Aβ38 ratio decreased in CSF, very few
studies [27]

Aβ43 Distinguishing AD from normal controls Aβ43 increased and Aβ42/Aβ43 ratio decreased
in blood, very few studies [9]

Aβ42/APP669-711 Distinguishing AD from normal controls and
MCI that developed AD Decreased in blood, one study [75]

BACE1 Distinguishing AD and MCI that developed AD
from normal controls

Activity and levels increased in CSF, few
studies [43–46]

β-sheet structure Aβ
Correlated with amyloid-PET and other
established CSF AD biomarkers Increased in blood, one study [79]

Aβ oligomer Distinguishing AD and MCI that developed AD
from normal controls Increased in CSF, very few studies [31]

Flotillin
Distinguishing AD and MCI that developed AD
from normal controls and vascular dementia
(VaD); single blood marker

Decreased in CSF and blood, very few studies [91]

p-tau and t-tau
Distinguishing AD and MCI that developed AD
from normal controls, p-tau 181 and p-tau 231
discriminates AD from other dementia

Consistently increased in CSF [38–41]; p-tau 181
increased in blood, several studies [80–83]

NF-L
Distinguishing AD from normal controls, but not
other dementia; valuable for assessing
neuronal injury

Increased in CSF and blood, several
studies [41,49–54,84,85]

VILIP-1 Distinguishing early AD and AD from normal
controls, but not other dementia

Increased in CSF, inconsistent and limited results
in blood [37,47,55–62]

Synaptic proteins
(neurogranin, SNAP-25,

synaptotagmin)

Distinguishing AD and MCI developed to AD
from normal controls, but not other dementia

Increased in CSF, inconsistent and limited results
in blood [37,47,61,63–71]

18 Signaling proteins Distinguishing AD and MCI developed to AD
from normal controls Pattern changed in blood, very few studies [86]

10 plasma proteins Predicting progression from MCI to AD Pattern changed in blood, very few studies [87,88]

10 phospholipids Detecting preclinical AD from normal controls Pattern changed in blood, very few studies [89]

4 sphingolipids Detecting prodromal and preclinical AD from
normal controls Increased in blood, very few studies [90]

Aβ42, amyloid β-protein 42; MCI, mild cognitive impairment; Aβ40, amyloid β-protein 40; Aβ38, amyloid β-protein
38; Aβ43, amyloid β-protein 43; APP, amyloid precursor protein; CSF, cerebrospinal fluid; p-tau, phosphorylated
tau; t-tau, total tau; VaD, vascular dementia; NF-L, neurofilament light; VILIP-1, visinin-like protein 1; SNAP-25,
synaptosome-associated protein 25.

4. Advantages of Blood Biomarkers over CSF Biomarkers

CSF biomarkers for AD have been studied for more than 20 years, and many powerful markers
have been identified for diagnosis, prognosis, or even prediction of the future onset of AD. The combined
use of these CSF markers may largely improve the accuracy and sensitivity of AD diagnosis at the early
stage. However, because obtaining CSF is invasive and may induce prognostic symptoms, physical
examination using CSF samples to screen for the risk of AD in large populations of asymptomatic
people is not practical.

Blood test indexes, such as blood cholesterol, triglyceride, high-density lipoprotein cholesterol, and
low-density lipoprotein cholesterol, have been widely used for predicting the risks for arteriosclerosis
and cerebrovascular and cardiovascular diseases in healthy and asymptomatic populations. However,
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a safe, less invasive, and readily accessible blood marker for AD diagnosis or for predicting the risk of
AD is still not at clinical use stage. In annual physical examinations, blood samples were routinely
collected in a large and healthy population from middle age to advanced age. The number and scale of
blood samples will take great advantage over CSF samples of developing blood biomarkers for AD.
In the past 15 years, many studies on blood markers for AD diagnosis, prognosis, and prediction have
been performed, and some biomarkers have emerged as candidates for less invasive blood markers for
AD (Table 1). For example, recent studies from different groups suggest that decreased blood Aβ42 and
increased blood p-tau 181 may reflect brain amyloid deposition and neurofibrillary tangles, respectively,
at the early stage of AD. The changes of some plasma proteins, lipids, Aβ43, and flotillin in the blood
samples from AD patients are also needed to be confirmed by different groups. Nevertheless, using
blood-borne biomarkers to make a clear AD diagnosis or prognosis will be available in the near future.

5. Conclusions

In this first quarter of the century, hundreds of biomarkers aiming for AD diagnosis and for the early
detection of pathological changes in AD have been investigated and reported. Biomarkers reflecting
the three hallmarks of AD, amyloid deposition, neurofibrillary tangles, and neurodegeneration, have
shown a high accuracy in assisting with AD diagnosis. Of all the biomarkers, CSF biomarkers,
including decreased Aβ42 and increased t-tau and p-tau, have been well-established for AD diagnosis
and the prediction of future conversion to AD from MCI. These core pathogenesis markers of AD have
been included in the diagnostic criteria of AD in NIA-AA; however, the invasiveness of obtaining CSF
largely limits their utility in cognitively normal populations. Neurodegeneration-based markers in
CSF, including NF-L, VILIP-1, neurogranin, and SNAP-25, also showed high positive correlations with
neuronal damage in AD and MCI and can be used for evaluation and prediction of future cognitive
decline in AD. Of note, these neurodegeneration markers change when neural damage occurs in
various neurodegenerative diseases. Thus, they can be auxiliary markers, especially for evaluating the
degree of neuronal damage in AD, but may not be suitable for differential diagnosis of AD dementia
from other types of dementia.

In addition to CSF biomarkers, blood markers for AD diagnosis and prediction have been
extensively studied. Although some contradictory results were reported regarding the blood levels
of Aβ42 in AD patients, recent studies showed decreased blood Aβ42 levels in amyloid-positive AD
and MCI patients. Furthermore, small but detectable amounts of p-tau and t-tau are increased in the
plasma of AD and MCI patients. However, considerable overlap exists in the plasma Aβ42, t-tau, and
p-tau levels between AD patients and age-matched controls. Further identification of other potential
molecules and use of the ratios of these molecules to Aβ42 or tau proteins may significantly improve
the accuracy and sensitivity for screening and discriminating prodromal or preclinical AD from the
normal population. Some sets of plasma proteins and lipids may also have potential in AD diagnosis;
however, more specific biomarkers are needed and the cost of examination needs to decrease.

Because effective drugs to stop the progression of AD are still not available, preventive therapies
and disease-modifying treatments need to be started at the preclinical stage. Discovering new targets
for early AD diagnosis and therapy is still necessary in the future direction of AD research. To screen
for a risk of AD in healthy populations, the development of AD biomarkers has shifted to using less
invasive (blood) or non-invasive (saliva or urine) samples. Given the extensive studies and convincing
evidence provided for blood biomarkers, they are likely to be the next generation of biomarkers for
AD diagnosis and risk screening.
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Abstract: Alzheimer’s disease (AD) is the most common cause of dementia, affecting the central
nervous system (CNS) through the accumulation of intraneuronal neurofibrillary tau tangles (NFTs)
and β-amyloid plaques. By the time AD is clinically diagnosed, neuronal loss has already occurred in
many brain and retinal regions. Therefore, the availability of early and reliable diagnosis markers
of the disease would allow its detection and taking preventive measures to avoid neuronal loss.
Current diagnostic tools in the brain, such as magnetic resonance imaging (MRI), positron emission
tomography (PET) imaging, and cerebrospinal fluid (CSF) biomarkers (Aβ and tau) detection are
invasive and expensive. Brain-secreted extracellular vesicles (BEVs) isolated from peripheral blood
have emerged as novel strategies in the study of AD, with enormous potential as a diagnostic
evaluation of therapeutics and treatment tools. In addition; similar mechanisms of neurodegeneration
have been demonstrated in the brain and the eyes of AD patients. Since the eyes are more accessible
than the brain, several eye tests that detect cellular and vascular changes in the retina have also been
proposed as potential screening biomarkers. The aim of this study is to summarize and discuss
several potential markers in the brain, eye, blood, and other accessible biofluids like saliva and urine,
and correlate them with earlier diagnosis and prognosis to identify individuals with mild symptoms
prior to dementia.

Keywords: Alzheimer’s disease; biomarkers; early diagnosis; biofluids

1. Introduction

1.1. Pathophysiology of AD and Clinical Manifestations

The lesions of Alzheimer’s disease (AD) include pathological changes in the brain such as the
accumulation of proteins (amyloid-β (Aβ) peptide and Tau); the degeneration of neurons and synapses,
most noticeably in the neocortex and the hippocampus, which leads to structural changes as well as to
the loss of functional connectivity, and the alterations of reactive processes like neuroinflammation and
plasticity, related to oxidative stress and mitochondrial dysfunction [1]. Some of these hallmarks can
be detected in the prodromal stage of the disease, also referred to as mild cognitive impairment (MCI)
due to AD, when the symptoms are not yet obvious.

Amyloid-β deposits are widely distributed in the brain and follow an anterograde sequence
originating in five phases in which different brain regions are hierarchically involved [2–4]. The five phases
go from phase 1, when the deposits are exclusively found in the isocortex, to phase 5, when the
cerebellum and several brainstem nuclei, such as the pontine nuclei and the locus coeruleus, among others,
are involved [2,4]. The progression of Tau pathology is also staggered from the transentorhinal and
entorhinal cortex to the isocortex via the hippocampus, with a heterogeneous and area-specific neuronal
loss [2–4]. It is well-established that the accumulation of Tau protein takes place specifically in neurons
and occurs in their cell body as neurofibrillary tangles (NFTs), in their dendrites as neuropil threads (NT),
and in their axons forming the senile plaque neuritic corona [3].
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The Braak stages, based on phospho-Tau accumulation within connected brain regions, defines the
progression of AD neuropathology. I–II refer to the entorhinal cortex, III–IV to the hippocampus/limbic
system, and V–VI to the frontal and parietal lobes.

1.2. Diagnostic Tools

The progress in the diagnosis of AD has noticeably improved with the development in the last decades
of noninvasive neuroimaging techniques that allow the visualization of structures in vivo. Some examples
are novel magnetic resonance imaging (MRI), metabolic changes detected by positron emission tomography
(PET), and amyloid imaging. These techniques permit the detection of pre-symptomatic diagnostic
biomarkers in the brains of cognitively normal elderly individuals and also serve to monitor disease
progression after the onset of symptoms [1]. Due to their reliability and high discriminative capacity in the
pre-dementia state, volumetric approaches of the high-resolution subfield are useful, as well as diagnostic
techniques in order to study the early changes in the most affected brain structures [2–4]. With all these
tools, the typical lesions related to protein accumulation and the structural changes in certain brain areas
are easier to detect and; therefore, constitute the basis of the diagnosis.

In addition, the advancement in the past few years of omics technologies (genomics, transcriptomics,
proteomics, metabolomics, secretomics, etc.) has made possible the analysis of a wide range of AD
hallmarks referring to both, sporadic and familial cases. These tools facilitate the analysis of human
fluid samples of diverse nature such as blood, tears, urine, or saliva, whose collection in most cases does
not require trained professionals and has the advantage of being noninvasive due to easy accessibility.
The importance of identifying and developing reliable and sensitive tools for the early diagnosis of AD
relies on the potential benefits for the patients, including timely access to medical treatments to slow
down the progression of the disease and; therefore, preservation of longer cognitive capacity, or even the
possibility to plan for the future.

2. Invasive Biomarkers

2.1. Changes in Specific Brain Areas as Early Biomarkers

The locus coeruleus (LC) is a neuromelanin-rich brainstem structure thought to modulate attention
and memory and is the major source of noradrenaline in the brain. In the asymptomatic stage of
AD, Tau NFTs are observed in the LC [5,6] prior to their presence in other cerebral areas such as the
entorhinal cortex and the neocortex [7–10]. These Tau aggregates precede typical neuronal loss in
the LC during AD progression [11]. Studies using unbiased stereology have revealed an average
decrease in LC volume of 8.4% for each Braak stage increment, as well as neuronal loss mainly in the
rostral/middle area of the LC, progressing from 30% in the prodromal stage to 55% when dementia is
diagnosed [11]. Functionally, this neuronal loss has correlated with cognitive dysfunction [12] and
reduced noradrenaline levels in the hippocampus and the cortex [13]. Additionally, a two-fold increase
in Tau accumulation was also observed from Braak stage 0 to I [9]. Therefore, the detection using
in vivo imaging of early structural tissue modifications such as the decrease in the LC volume or
metabolic changes would support the diagnosis and could potentially slow down disease progression
if the patient benefits from treatments in the appropriate time [14,15].

Although there is controversy regarding the accelerated rates of brain atrophy at the preclinical
stage of the disease, it seems that the medial temporal lobe and, particularly, the hippocampus are
brain structures early affected by NFTs and neurite loss. Studies using voxel-based morphometry and
high-resolution MRI have revealed hippocampal atrophy in AD patients’ brains at the preclinical stage,
up to 10 years before the diagnosis of dementia [16], and even before MCI [17,18]. The magnitude of
atrophy in the hippocampus and its subfields determines the progression to either MCI or AD [19–21].
Thus, studies using radial atrophy measurements have shown that CA1 and the subicular atrophy
in cognitively healthy individuals is associated with an increased risk of developing MCI, while the
gradual involvement of the CA1 and subiculum fields, along with atrophy spread to the rest of
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the hippocampus (CA2–3 subfields) in amnestic MCI, suggests the future diagnosis of AD [22,23].
Moreover, apolipoprotein E (ApoE) plays a significant role in AD pathogenesis by affecting amyloid
and Tau pathology. The presence of the allele ε4 (APOEε4) [24] influences the reduction of the
hippocampal volume and the accumulation of Aβ filaments in the brains of elderly people without
cognitive impairment and normal levels of Aβ-peptides morphologically [25–27]. In this direction,
MRI imaging has revealed a significant reduction in the hippocampal volume in amnestic MCI people
carrying APOEε4, especially in those who progressed to AD [28]. Even cognitively normal APOEε4
carriers have shown hippocampal volume and cortical thickness reduction together with memory
decline and accelerated brain atrophy rates before the onset of cognitive impairment [24,27].

Regarding neuronal connectivity dysfunction, a novel PET tracer that binds to synaptic vesicle
glycoprotein 2A (SV2A) can be used to quantify synaptic density in vivo, predicting the stage of AD [29].
Several morphological studies have shown that synaptic loss appears early in the pathology [30,31], so the
study of markers of neuronal death may derive in promising results for the early diagnosis of AD.

In conclusion, in vivo morphological studies of different brain areas (LC, hippocampus, etc.),
along with genetic studies that detect alleles or mutations closely related to the pathology, point out
their usefulness as biomarkers for the early detection of AD. Despite the high prognostic ability of
these techniques in AD and MCI [32], sometimes, there are limitations that make it difficult to use
them in the routine analysis [33]. For this reason, biomarkers in cerebrospinal fluid (CSF) are being
extensively studied worldwide as potential candidates for the diagnosis of AD before the appearance
of cognitive symptoms [34].

2.2. Cerebrospinal Fluid

There is no doubt the ideal fluid biomarker should have a series of characteristics—reliable,
reproducible, and noninvasive in terms of collection, specific for a particular disease,
simple, and inexpensive to measure, and easy to implement in large populations. In this regard,
blood biomarkers meet several of these criteria and could be used in primary care to identify
patients with risk of AD [35]. In contrast, CSF collection does not meet the criteria of being a
noninvasive procedure, which certainly limits its use but given the close relationship between the
brain and the CSF, this fluid could provide valuable information about the biochemical changes
that occur in the brain at the preclinical stages of AD [36]. For instance, it is well established that
decreased Aβ-42 and elevated total Tau and phospho-Tau in CSF are considered specific markers of
AD [37,38], and that these biomarkers can predict cognitive decline over time [39]. The advantages
and disadvantages of each category of fluid biomarkers (blood, CSF, and other matrices such as
tears, saliva, and urine) are summarized in Table 1.

Table 1. Advantages and disadvantages for each category of biological fluids used to isolate Alzheimer’s
disease biomarkers.

Advantages Disadvantages

CSF

Close relationship with the brain
High accuracy in the diagnostic process

Ability to test a large number of candidate
pathophysiological biomarkers

High concentration of the biomarkers

Invasive
Clinicians require training

Positioned in later disease stages,
after blood samples, as a confirmatory

diagnostic modality
Process less accepted by the population
and at the risk of causing harm, anxiety,

and fear to the patient
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Table 1. Cont.

Advantages Disadvantages

Blood

Noninvasive, fast and convenient
Inexpensive and reproducible

Simple to measure (well-established as part of
clinical routines globally)

No prior training of the clinicians is required
Can be performed in a large variety of settings
(primary care, hospitals, patient’s home . . . )

Easy to implement in large populations
Ability to test a large number of candidate

pathophysiological biomarkers
First-step of the multi-stage diagnostic
process (identification of patients at the

earliest stages of the disease)

Less accurate
Presence of very low concentrations of the

biomarkers once they have crossed the
blood-brain barrier and decreased time

window for testing
Less consistent results (susceptibility to

interference with other components)

Other matrices
(tears, saliva,

and urine)

Extremely noninvasive
Repeatable collections

Easy, no risk of infection, can be
self-collected by the patient

Cheap
Stress-free

Remarkable lack of validated studies
Lack of results replicated in larger,

multicenter and longitudinal studies

Nowadays, novel molecular markers are being evaluated in CSF through omics technologies,
which allow measuring a large number of analytes at a time (Figure 1). For example, a mass
spectroscopy-based analysis revealed that similar levels of ApoE and its isoforms (ApoE2, ApoE3,
and ApoE4) were found in the CSF of AD patients and non-AD individuals, independent of their
APOE genotype (APOEε2, APOEε3, or APOEε4). However, CSF total ApoE concentrations were
positively associated with CSF total Tau and phospho-Tau levels [40,41].

Figure 1. Schematic overview of invasive biomarkers. Different biomarkers have been used to detect
early anatomical changes in the brains of people with mild cognitive impairment, including the atrophy
of specific brain areas like the locus coeruleus or the hippocampus, and the presence of typical protein
aggregates such as extracellular amyloid plaques or intracellular Tau-containing neurofibrillary tangles
(upper panel). Additionally, biomarkers of Alzheimer’s disease (AD)-related degenerative processes
like synaptic dysfunction, neuroinflammation, oxidative stress, or neuronal loss can be measured in the
cerebrospinal fluid of AD patients. The detection of miRNAs represents a novel and promising tool for
the early AD diagnosis (lower panel).
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Proteins involved in the pathological processing of the amyloid precursor protein (APP) could
be biomarker candidates for early AD diagnosis and must be considered. Presenilin 1 (PSEN1) and
β-secretase 1 (BACE1) are both enzymes involved in the cleavage of APP. In MCI patients, both PSEN1
and BACE1 levels and their activity were increased in CSF [42,43]. Moreover, elevated BACE1
expression has been associated with the APOEε4 genotype [43]. It is worth noting that BACE1 activity
was only increased in MCI patients whose impairment was progressing to more advanced stages of
dementia, and not occurring in stable MCI patients [44]. So, while BACE1 seems to be highlighted as a
sensitive early biomarker to detect alterations in the amyloidogenic process in APOEε4 carriers [43],
it does not seem to be a good candidate in APOEε4 non-carriers.

Other early aspects to highlight in AD are neuroinflammation and the synaptic dysfunction;
thus, specific markers of these processes could also play a very important role and may correlate
more directly with cognitive decline [45]. In this sense, many proteins involved in vesicular transport
(secretogranin II (SCG2), chromogranin A (CHGA)), in synapses formation and stabilization (neurexins
(NRXNs), neuronal pentraxin 1 (NPTX1), neurocan core protein (NCANP)), and in the immune
system (lysozime C (LysC) and β2-microglobulin (β2M)) were significantly higher in the CSF of
patients with MCI, especially in patients with MCI progressing to AD pathology than in AD and
healthy control patients [46]. According to one study, higher levels of CHGA in the CSF of healthy
elderly people predicted future decreases in Aβ-42 [47]. Other proteins that play a crucial role
in inflammation are YKL-40 and visinin-like protein-1 (VILIP-1). Increased expression of these
molecules has been seen in both MCI and AD patients, contrary to cognitively normal elderly subjects.
While YKL-40 was increased from the prodromal stage until the severe stage of the disease, VILIP-1 was
only increased in the prodromal stage [48]. Some studies have found an association between the
upregulation of YKL-40 with an increased risk of progression from the normal conditions to MCI [49].
Another potential inflammatory marker is the interferon-γ-induced protein 10 (IP-10), whose level was
increased in the CSF of asymptomatic elderly adults that also presented elevated levels of total-Tau and
phospho-Tau [50]. Likewise, monocyte chemoattractant protein 1 (MCP-1), a low-molecular-weight
cytokine involved in the inflammatory process, was found elevated in the CSF of MCI and AD
patients [51]. The triggering receptor expressed on myeloid cells 2 (TREM2), expressed by microglial
cells, among others, plays an important role in regulating immune responses in the brain and in the
production of inflammatory cytokines [52]. Its haplodeficiency has been associated with increased
axonal dystrophy and phospho-Tau accumulation around Aβ-plaques [53]. An increased level of CSF
soluble TREM2 has been seen in carriers of an autosomal dominant AD mutation, at least five years
before the onset of symptoms, although later to brain amyloidosis and Tau pathology [54]. All these
findings reveal that a large number of proteins involved in the inflammatory response can be potential
early biomarkers of AD.

One protein that plays an important role in memory enhancement is neurogranin. It is involved
in post-synaptic signaling pathways, and its CSF levels differentiated patients with early symptomatic
AD from controls with a comparable diagnostic utility to the other CSF biomarkers [55]. The potential
of neurogranin as a biomarker of AD depended on the fragment measured [56].

Regarding neuronal damage, some proteins such as neurofilament light chain (NF-L), a protein
involved in protecting neurites, and neuron-specific enolase (NSE), which plays a role in neuronal
metabolism, have revealed increased CSF concentrations in MCI patients in comparison with cognitively
elderly, and with patients at advanced AD stages [57,58]. In AD patients with advanced pathology,
high CSF NF-L levels are associated with cognitive decline and morphological changes in the brain
that indicate neuronal loss [57]. Schmidt et al. showed a correlation between high CSF NSE levels and
Tau pathology [58]. These results agree with studies, where plasma protein levels were also studied
and support the use of NF-L and NSE as early AD biomarkers [56].

Lipid alterations in CSF participate as well in the modulation of neuropathological events related
to AD and can be an AD biomarker candidate. In patients with incipient dementia, a reduction of up to
40% of sulfatide levels was observed [59] The levels of some other lipids such as phosphocholine and
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sphingomyelin were increased in patients at the prodromal stage and correlated with amyloid and Tau
pathology [60]. Another biomarker candidate is the fatty acid-binding protein (FABP3), which may
play a role in neuronal synapse formation. In MCI and AD patients, the FABP3 level was higher than
in cognitively healthy people [61], and it was related to early structural brain changes typical of AD
patients (entorhinal cortex atrophy). Also, high FABP3 levels have been found in non-amnestic elderly
APOEε4 carriers [62], showing their increase occurs at a very early stage of the disease [63].

Overall, all the findings mentioned above reflect changes in specific areas of the brain detected
using novel imaging techniques (MRI, PET), the presence of two classical AD proteins (Aβ and Tau),
and the progression of processes such as neuronal apoptosis, synaptic loss, and inflammation. Many of
them are still under consideration as potential early biomarkers of AD, and larger longitudinal studies
are required for validation of the results [56]. Unfortunately, most AD patients are asymptomatic
during the preclinical stages, complicating the recruitment for these kinds of studies and emphasizing
the importance of rapid diagnosis.

It is also relevant to investigate the presence of microRNAs (miRNAs), a big family of endogenous
short non-coding RNAs that regulate the number of mature mRNAs at the post-transcriptional level [64].
About 70% of identified miRNAs are expressed in the brain, and some miRNAs species are present in
exosomes, both good biomarker candidates in clinical diagnostics. Of the approximately 2000 human
miRNAs identified to date, no more than 40 are abundantly expressed in the brain [65]. The core CSF
biomarkers (Aβ-42, total-tau, and phospho-tau) are relatively stable in clinical AD, and although they
are useful for diagnosis, they are not good enough as indicators of disease progression. Although CSF
miRNAs are obtained in an invasive manner, which is far from ideal, they have the advantage of
targeting important pathological AD genes. A single miRNA has the potential to interfere with
the expression of a small family of genes. This is the case with miRNA-125b (upregulated in AD),
which targets the synaptic protein synapsin-2 (SYN-2), the enzyme 15-lipoxygenase (15-LOX), and the
cell cycle regulator CDKN2A. This opens up the door for the use of miRNAs as therapeutic agents in the
future. Furthermore, the misregulation of specific miRNAs could contribute to AD etiopathogenesis [66]
and partially explain the large number of brain mRNAs gradually and significantly downregulated in
anatomical regions sensitive to AD progression (reviewed in Lukiv 2013)[65]. Other attractive points
that favor the use of CSF miRNAs as diagnosis tools are their high stability in body fluids [67,68],
the low concentration required for their detection by standard molecular biology techniques, such as
quantitative RT-PCR, and the proven high predictive accuracy in the pathogenic process of AD. All of
the above supports the huge potential miRNAs offer as diagnostic and prognostic biomarkers and,
at the same time, as plausible therapeutic tools against AD [69].

In the hippocampus of AD patients, in comparison with healthy volunteers, upregulation
of three out of the 13 brain-associated miRNAs studied was observed: miRNA-9, miRNA125b,
and miRNA128 [66]. Very similar results were found in the CSF of AD patients. Using microarrays,
qRT-PCR and novel highly sensitive LNA, EDC and DIG (LED)-Northern dot-blot (an improved
northern blot-based protocol for small RNA detection that combines the use of digoxigenin (DIG)-labeled
oligonucleotide probes containing locked nucleic acids (LNA) and 1-ethyl-3-(3-dimethylaminopropyl)
carbodiimide (EDC) for cross-linking the RNA to the membrane), high amounts of proinflammatory
miRNAs such as miRNA146a, miRNA-155, miRNA-9, and miRNA-125b have been detected in AD
patients CSF compared with age-matched controls [65,70,71]. Briefly, miRNA-125b targets synaptic
proteins, neurotrophic factors and cell regulator proteins, and miRNA146a targets immune system
regulators and proteins involved in proinflammatory signaling, as well as in Aβ accumulation [65].
Both miRNA-125b and miRNA-146a can explain many of the pathogenic effects of AD, so they could
be excellent candidates as AD biomarkers. In areas such as the frontal gyrus and the neocortex, the up-
and downregulation of an elevated number of miRNAs has been seen, and even some of them showed
different regulations according to the area studied [72]. miRNA-29a seems a promising biomarker
because it targets BACE1, which promotes the formation of Aβ from APP. In the cortex of AD patients,
decreased miRNA29a has been reported, while a two-fold increase in miR-29a levels was found in the
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CSF of AD patients in comparison with cognitively healthy people [73,74]. The decrease in miR-29
brain expression in AD patients can be associated with an increase of BACE1, leading to the subsequent
increase in Aβ levels [75]. Another miRNA that is upregulated in the neocortex, hippocampus, and CSF
is miRNA-9 [65,70]. MiRNA-9 is mainly involved in neurogenesis and brain cell proliferation [76,77]
and also targets BACE1, decreasing its expression [78]. In this sense, miRNA-29a and miRNA-9 could
be indicators of pathology acting as biomarkers. We have only named a few microRNAs involved in
AD, although it is worth noting that there are many more with promising results [79].

3. Noninvasive Biomarkers

3.1. Blood Biomarkers

Blood pressure has been pointed out as an early marker of AD. High blood pressure has been
associated with senile plaques, neurofilament tangles, and hippocampal atrophy, and advanced age
and hypertension have been linked to AD development [80]. In addition, selected low amounts of
brain proteins/substances can cross the blood-brain barrier, reaching the bloodstream. Therefore, it is
possible the detection in the blood of specific substances derived exclusively from the brain or systemic
pathologies [81]. Despite blood is a more complex matrix for investigating neuronal processes,
making the research of neurodegenerative biomarkers in blood challenging; its accessibility makes the
study and validation interesting. To this effect, blood represents a noninvasive way of monitoring AD
development and progression [82].

Compared with CSF, blood is easily collected and, therefore, represents the matrix of choice for
the discovery of new accessible biomarkers. In addition, CSF and brain Aβ and Tau correlated with
plasma Aβ and Tau in sporadic AD [83,84]. To this end, measurements in the bloodstream of proteins
and peptide concentrations that originate in the brain are very promising. A decrease in the levels
of Aβ-42, Aβ-40,and the Aβ-42/Aβ-40 ratio was found in the plasma of preclinical AD patients [85].
Other studies focused on Aβ-0 and showed higher levels in samples of AD patients [86]. Blood-based
Tau levels have also been investigated in some studies and found to be elevated in the plasma of
AD patients [87,88]. However, the relatively low levels of Aβ and Tau proteins in peripheral blood
necessitate more sensitive detection techniques to consolidate as diagnostic biomarkers of AD.

Recent studies have revealed that serum neurofilament protein levels correlated with AD [89].
However, this fact was not specific of AD but was also reported in other neurodegenerative diseases [90].
Henceforth, Aβ, Tau, and neurofilaments are not strong enough biomarkers to predict sporadic AD [91],
and it would be useful to account for additional molecules for a more accurate early diagnosis. It has
been found that changes in the plasma concentration of brain-derived neurotrophic factor (BDNF)
depend on the severity of AD [92]. Also, plasma clusterin levels are significantly increased in both,
MCI and AD patients [93], and have been related to increased risk of progression from MCI to AD,
but a slower cognitive decline in AD patients [94].

Extracellular RNA (exRNA) from human biofluids has been recently characterized. In neurological
disorders, brain-derived exRNAs can reach the bloodstream in different ways. One possibility is the
elimination of waste from the brain by the lymphatic system into the bloodstream [95]. A second one is
that blood-brain barrier leakiness described in early AD facilitates the passage of all types of extracellular
molecules [96]. Thus, the presence of exRNAs in the blood allows the study of gene expression in
the central nervous system. In this context, it has been recently described that phosphoglycerate
dehydrogenase (PHGDH) exhibits consistent upregulation in the AD brain transcriptome and is
increased in presymptomatic AD plasma as compared to controls, suggesting the potential utility of
plasma PHGDH exRNA as a presymptomatic indicator of AD [97].

Like in CSF, miRNAs are also considered to be one of the potential candidates for blood-based
biomarkers. It has been reported that several miRNAs downregulate AD-related proteins, including
BACE-1 and APP [98]. Four miRNAs (miR-31, miR-93, miR-143, and miR-146a) were significantly
decreased in AD patients’ serum, suggesting that these could be used as potential diagnostic and
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prognostic markers for dementia. Notably, miR-31, miR-146a, and miR-93 were related to inflammation,
cell apoptosis, and fibrosis. Furthermore, miR-93 and miR-146a were significantly elevated in MCI
compared to controls and miR-31, miR-93, and miR-146a can be used to discriminate AD from other
types of dementia [99]. In addition, the level of miR-206, involved in cognitive decline and memory
deficits, was increased in AD plasma, so it could also be a good AD biomarker candidate [100].

Circulating exRNAs are usually protected by exosomes and other extracellular carriers [101].
Extracellular vesicles (EVs), including exosomes, are small (50–150 nm) membrane microvesicles
involved in cell-to-cell communication, which can go across a healthy blood-brain barrier. EVs contain
not only exRNAs but also other biologically active cargo of molecules specific of their tissue of origin,
such as metabolites and proteins, making EVs a good blood-based biomarker candidate, prognostic
indicator, and therapeutic tool in AD. Isolation of brain-secreted EVs (BEVs) from the blood provides a
minimally invasive way to sample components of brain tissue. Cerebrovascular-derived BEV studies
are sparse in human AD patients, so more research would be needed in this field. Nonetheless, it has
been reported that pathophysiological alterations in AD are, in fact, reflected in the number and
composition of BEVs from neurons, neural precursor cells, and astrocytes [102,103].

As mentioned above, blood is a more complex matrix than CSF, and the high number of cells and
soluble molecules contained in it can lead to interferences. Moreover, the low number of brain-derived
biomarkers in blood requires highly sensitive techniques for their detection. Great variability in the
results depending on the methodology used has been reported, and the fact that several studies show
conflicting results represents a limitation for the use of blood biomarkers as an AD diagnostic tool [104].
For all these reasons, the use of blood biomarkers has not yet been validated [81], and the research of
alternative fluids as urine, tears, and saliva, is challenging (Figure 2).

Figure 2. Schematic overview of noninvasive biomarkers: eyes, saliva, urine and blood. Besides fluid
biomarkers (tears) that can be collected from the eyes, the promising advances in in vivo retinal
imaging could provide an AD diagnosis tool in the near future. Blood-isolated brain secreted
extracellular vesicles (BEVs) derive from three possible brain cell types: neural precursors, neurons
and astrocytes. The content of this blood-isolated BEVs, mainly miRNAs, have been investigated as
potential AD biomarker.

3.1.1. Neuron-Derived BEVs in Blood

Several studies reported significantly elevated Aβ-42 levels in plasma-isolated neuron-derived
BEVs in AD dementia relative to cognitively normal individuals. EVs may mediate the transcellular
spread of Aβ peptide by destabilizing calcium cell homeostasis and damaging mitochondrial function;
thus making neurons more vulnerable to excitotoxicity [105]. Plasma Aβ-42 has the potential to be
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used both, as a novel earlier biomarkers of AD, as well as a marker of AD progression, having the same
capacity as Aβ-42 in CSF for the diagnosis of AD [83]. Nonetheless, the EV concentration is higher in
blood plasma than in CSF [105], making this a more sensitive biomarker.

Regarding Tau levels in the plasma, the association of neuron-derived BEVs with AD has yet
to reach a consensus. Although three studies [83,106,107] found elevated phospho-Tau levels in AD
dementia, these reached a plateau as early as 10 years before AD diagnosis, making it a worse marker
of AD progression than Aβ-42 [107]. In addition, three other studies [108–110] showed no statistical
difference in Tau fragments.

Protein cargo form plasma and serum isolated neuron-derived BEVs included synaptic proteins like
neurogranin, synaptotagmin, synaptopodin, and synaptophysin, which was reduced in individuals with
AD dementia [111]. However, the potential of being selective biomarkers of AD appears low because
these synaptic proteins were also reduced in MCI and Parkinson’s disease. Decreased levels of the
growth-associated protein 43 (GAP43), synaptosomal-associated protein-25 (SNAP-25), and synapsin 1
were also observed in blood-isolated neuron-derived BEVs of AD patients [103]. Therefore, synaptic
proteins cargo of neuron-derived BEVs demonstrates some biomarker potential in AD, although more
studies are needed to confirm this.

Insulin pathway proteins are deregulated in AD as well. Specifically, higher phospho-Ser312-insulin
receptor substrate-1 (IRS-1) and lower phospho-panTyr-IRS-1 levels were reported in blood isolated
neuron-derived BEVS of AD patients [112,113]. So IRS-1 level, as well as being used to monitor insulin
administration [114], could also be used as an AD biomarker.

Lysosomal proteins of neuron-derived BEVs from plasma were also found to discriminate
AD dementia. Levels of cathepsin D, alysosome-associated membrane protein, and ubiquitinated
proteins were significantly increased in AD patients, and levels of heat-shock protein-70 were
diminished in preclinical and clinical AD, suggesting that neuronal lysosomal dysfunction is an
early phenomenon in AD [115].

Finally, research from Winston et al. [106] demonstrated that the level of the repressor element
1-silencing transcription factor (REST) was significantly lower in AD patients and MCI compared to
control subjects.

3.1.2. Neural Precursor Cell-Derived BEVs in Blood

Chondroitin sulfate proteoglycan (CSPG4) cells are a subtype of neuronal precursor cells that
release neurotrophic factors implicated in neuronal growth and survival. Four assessed neurotrophic
factors (hepatocyte growth factor, fibroblast growth factors 2 and 13, and type 1 insulin-like growth
factor) were significantly lower in CSPG4 neuronal precursor cells-derived BEVs from preclinical AD
patients, being able to use these neurotrophic factors as early biomarkers of AD. No significant further
decrease was found during the course of the disease [116], though.

3.1.3. Astrocyte-Derived BEVs in Blood

Astrocyte-derived BEVs have also been reported to cargo Tau, Aβ-42, and APP pathway proteins.
However, only levels of BACE1, sAPPβ, complement proteins, and glial-derived neurotrophic factor
(GDNF) were significantly deregulated in AD. The levels of BACE1, sAPPβ, and complement
proteins were higher [117], and the levels of GDNF were lower in AD patients compared to control
individuals [118].

3.1.4. MicroRNA Cargo of Blood-Isolated EVs

The levels of miRNAs in peripheral blood can be affected by multiple factors and may also vary
among different sample types. In this regard, exosomal miRNAs effectively avoid that problem because
of their stable expression. Exosomes are a subtype of EV with a size of 40–100 nm that are released from
most types of cells, including neurons [106]. Recent studies have shown that exosomes, in addition
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to functional proteins, carry mRNA and miRNAs [119], and abnormal expression of these exosomal
miRNAs has been detected in AD [120].

More than 40 differentially expressed plasma- and serum-isolated EV-associated miRNAs have
been described in AD and MCI relative to control individuals [121–127]. For example, exosomal
miR-342-3p [123], miR-125a-5p, miR-125b-5p, and miR-451a, associated with fatty acid biosynthesis,
hippo signaling, and protein processing in the endoplasmic reticulum were significantly lower in AD
patients, and their level correlated with the extent of cognitive impairment [128]. Decreased levels of
exosomal miRNA 23a-3p, ex-let-7i-5p, ex-miR-126-3p, and ex-miR-151a-3p, which target genes involved
in cell death, among others, suggest that changes in the plasma level of AD individuals exhibit diagnostic
value [129]. The exosomal miR-223, which regulates inflammation by interacting with different targets,
was also significantly decreased in AD patients [125]. On the other hand, Barbagallo et al. found
that exosomal miR-29a was significantly increased in AD patients [130] and Cheng et al. reported
14 significantly upregulated exosomal miRNAs [122]. It is also important to mention three of those
exosomal miRNAs that have been reported in at least two different studies—the decrease of miR-193b
and miR-342-3p [121,124], and both, the increase and decrease of miR3065-5p [122,123]. miR-193b is
known to repress the expression of APP and PSEN1 mRNAs, so its reduction may promote amyloidosis,
and miR 342-3p is suggested to affect Tau phosphorylation and aggregation.

These studies suggest that specific blood exosome miRNAs can be used as diagnostic biomarkers
of AD and, additionally, are able to reflect the disease progression. It has also been reported that the
combination of miR-135a, miR-193b, and miR-384, modulators of APP or BACE1 expression, are good
for early AD diagnosis [124], demonstrating that a combined biomarker signature is better than a
particular one for diagnosis. These studies have been carried out in already clinically diagnosed
AD patients, so further studies will be necessary to evaluate the potential of these miRNAs as early
biomarkers of AD. Table 2 summarizes all the information regarding AD-related miRNAs found in
blood, as well as in CSF.

Table 2. AD-related main miRNA.

miRNAs Regulation and Localization References

miR-let-7d-5p, miR-let-7g-5p, miR-26b-5p, miR-191-5p ↓ Blood [131]

miR-125a-5p ↓ Blood [128]

miR-126-3p, miR-23a-3p, miR-151a-3p ↓ Blood [129]

miR-135b ↓ Blood [132]

miR-181a ↓ Blood [133]

miR-194-5p ↓ Blood [134]

miR-19b-3p, miR-29c-3p, miR-125b-3p ↓ Blood [135]

miR-31, miR-93 ↓ Blood [99]

miR-3613-3p, miR-3916, miR-4772-3p, miR-185-5p, miR-20b-3p ↓ Blood [123]

miR-501-3p ↓ Blood [136]

miR-545-3p ↓ Blood [137]

miR-181c ↓ Blood, ↓ Brain [133,138]

miR-139-5p, miR-141-3p, miR-150-5p, miR-152-3p, miR-23b-3p,
miR-24-3p, miR-338-3p, miR-342-3p, miR-125b-5p, miR-342-5p ↓ Blood, ↓ CSF [123]

miR-1306-5p ↓ Blood, ↓ CSF [122,139]

miR-143 ↓ Blood, ↓ CSF [99,133]

miR-15b ↓ Blood, ↓ CSF [131,133]

miR-15b-3p ↓ Blood, ↓ CSF [122,139]

miR-193b ↓ Blood, ↓ CSF [121,124]

miR-223 ↓ Blood, ↓ CSF [125,140]

miR-451a ↓ Blood, ↓ CSF [128,139]
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Table 2. Cont.

miRNAs Regulation and Localization References

miR-106, miR-107, miR-181 ↓ Brain [69]

miR-106b ↓ Brain [138]

miR-137, miR-139, miR-153, miR-183, miR-135, miR-124b ↓ Brain [66]

miR-15a, miR-19b, miR-26b, miR-330 ↓ Brain [138]

miR-425 ↓ Brain [133]

miR-146b ↓ Brain, ↓ CSF [133]

miR-210 ↓ Brain, ↓ CSF [133,141]

miR-10, miR-126, miR-127, miR-154, miR-194, miR-195, miR-199a,
miR-214, miR-221, miR-338, miR-422b, miR-451, miR-455, miR-497,

miR-99a, miR-27a-3p
↓ CSF [133]

miR-16-2, miR-16-5p, miR-605-5p, mir-9-5p, miR-598, miR-136-3p ↓ CSF [139]

miR-200b ↓ CSF [142]

miR-214-3p, miR-299-5p ↓ CSF [132,143]

miR-29b-3p ↓ CSF [123]

miR-29c ↓ CSF [134]

miR-29 ↓ Blood, ↓ Brain, ↑Brain [69,131,133]

miR-125b ↓ Blood, ↑ Brain, ↑ CSF [65,66,123]

miR-146a ↓ Blood, ↑ Brain, ↑ CSF [69,71,99]

miR-26a ↓ Brain (frontal cortex), ↑ Brain
(hippocampus) [133]

miR-3065-5p ↓ Blood, ↑ Brain [122,123]

let-7i-5p ↓ Blood, ↑ CSF [129,134]

miR-106a-5p, miR-20-5p, miR-425-5p, miR-18b-5p, miR-582-5p ↑ Blood [122]

miR-106b-3p, miR-20b-5p, miR-146a-5p, miR-195-5p, niR-497-5p ↑ Blood [135]

miR-455-3p, miR-4668-5p ↑ Blood [144]

miR-5001-3p ↑ Blood [123]

miR-519 ↑ Blood [140]

miR-548at-5p ↑ Blood [123]

miR-590-5p ↑ Blood [134]

miR-101-3p, miR-106b-5p, miR-143-3p, miR-335-5p, miR-361-5p, ↑ Blood, ↑ CSF [122]

miR-138-5p ↑ Blood, ↑ CSF [123]

miR-155 ↑ Blood, ↑ CSF [71,131]

miR-15a-5p ↑ Blood, ↑ CSF [122,134]

miR-659-5p ↑ Blood, ↑ CSF [123]

miR-100, miR-145, miR-148a, miR-27, miR-34a, miR-381, miR-422a,
miR-423, miR-92 ↑ Brain [133]

miR-128 ↑ Brain [66]

miR-34 ↑ Brain [69]

miR-98 ↑ Brain [138]

miR-let-7b, miR-let7e ↑ CSF [145]

miR-let-7f, miR-105, miR-138, miR-141, miR-151, miR-186, miR-191,
miR-197, miR-204, miR-205, miR-216, miR-302b, miR-30a-3p,

miR-30a-5p, miR-30b, miR-30d, miR-32, miR-345, miR-362, miR-371,
miR-374, miR-375, miR-380-3p, miR-429, miR-448, miR-449,

miR-494, miR-501, miR-517, miR-518, miR-520, miR-526

↑ CSF [133]

miR-20a-5p ↑ CSF [122]

miR-222 ↑ CSF [146]
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Table 2. Cont.

miRNAs Regulation and Localization References

miR-331-5p, miR-485-5p, miR-132-5p ↑ CSF [139]

miR-613 ↑ CSF [147]

miR-200b-5p ↑ Eyes [148]

miR-93-5p ↑ ↓ Blood, ↑ CSF [122,135]

miR-101 ↑ Blood, ↓ Brain [131,138]

miR-132, miR-212 ↑ Blood, ↓ Brain [126,133]

miR-200c ↑ Blood, ↓ Brain (frontal cortex), ↑ Brain
(hippocampus) [133,149]

miR-9 ↑ Blood, ↓ Brain (frontal cortex, cortex), ↑ Brain
(hippocampus), ↑ CSF [66,71,131,133,138]

miR-30e-5p ↑ Blood, ↑ Brain, ↑ CSF, [122,133]

miR-29a ↑ Blood, ↓ Brain, ↑ CSF [73,74,130]

miR-206 ↑ Blood, ↑ CSF, ↑ Eyes [100,150]

miR-142-5p ↑ Blood, ↓ CSF [133,134]

miR-384 ↑ Blood, ↓ CSF [124]

miR-135a ↑ Blood, ↓ CSF, ↑ CSF [124,133,142]

miR-125a ↓ Brain, ↑ CSF [66,133]

miR-29b ↓ Blood, ↓ Brain, ↑ CSF [73,74,131]

miR-30c ↑ Brain (frontal cortex), ↓ Brain (hippocampus), ↑ CSF [133]

3.2. Ocular Biomarkers

AD not only causes neurodegenerative changes in the brain but also produces structural and
functional alterations in the retinal neural and non-neural ocular tissues [151]. Engagingly, specific
biomarkers of AD have been reported as well in retinal degeneration and visual function impairment [152],
sharing pathophysiological features with glaucoma and age-related macular degeneration (AMD) [153].
The similarity between ocular and cerebral tissues suggests that these ocular manifestations may be used
as early biomarkers of AD.

Numerous studies have identified Aβdepositions in the lens and retina. Aβ-accumulates in the retina
in an age-dependent manner in a mouse model of AD and correlates with amyloid plaques in the brain.
Interestingly, the appearance of retinal amyloid plaques precedes that in the brain [154]. Elevated levels of
Aβ1-42 and amyloid plaques were also reported in the retinas of confirmed AD patients [152]. This retinal
Aβ can be detected noninvasively by using hyperspectral imaging microscopy or with modified endoscope
applied to the corneal surface [155].

In the same way, Aβ has been identified in the lens of rodents, monkeys, and humans in several
studies. The accumulation of the isoforms Aβ1-40 and Aβ1-42 has been demonstrated in the lenses of
AD people post mortem at concentrations comparable with those in the brain [156]. In the same way,
a clinical trial carried out on AD patients, and age-matched healthy volunteers confirmed the presence
of Aβ in the lens of the first and its correlation in the brain using imaging techniques [157].

Moreover, changes such as thinning of the nerve cell layer, optic nerve atrophy, and the loss
of retinal ganglion cells [156,158] were reported in AD, resulting in visual functional impairment
and circadian disturbances [159]. Specifically, a study of melanopsin retinal ganglion cells (mRGCs),
a photosensitive subtype of ganglion cells in charge of the circadian rhythms, has shown a significant
decrease of this neuronal cell type in people with AD but not in healthy controls, with a prominent Aβ

accumulation around mRGCs [160,161].
Other ocular tissues, such as the cornea, which is the outermost layer of the eye and, therefore,

grants accessibility, could be used as potential biomarker for the diagnosis of AD. Dutescu et al. [162]
found the cytoplasmic expression of APP in the epithelial cell layer of the cornea of transgenic
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mouse models of AD. More recently, Choi et al. corroborated the expression of APP, together with
proteins involved in its processing such as BACE1, in human corneal fibroblasts, and the corneal
epithelium [163].

For the development of a novel noninvasive screening and diagnostic tool, the ocular examination
sector appears promising. In this context, tear fluid provides a viable source widely used for biomarker
studies [164], including neurodegenerative diseases [165]. Tear samples are easy to collect and contain
a lot of proteins, most notably lipocalin-1, lactotransferrin, and lysozyme C, involved in immune and
inflammatory processes [166].

Against this backdrop, total protein concentration and composition modifications in tears and an
abnormal flow rate and tear function have been described in AD patients [167], supporting the use of
tears as a new noninvasive method to discriminate AD patients. Specifically, lipocalin-1, dermcidin,
lysozyme C, and lacritin were shown to be potential biomarkers, with an 81% sensitivity and 77%
specificity [168]. In addition, the elongation initiation factor 4E (eIF4E) was exclusively expressed in
tear samples from AD patients. Total miRNA content was also higher in tears from AD individuals
and miR-200b-5p was significantly elevated in AD tear fluid samples compared to controls [148].
Tears could be useful for first screening, and patients with a positive tear analysis test might be further
evaluated to establish an early diagnosis. Assessments of pupillary responses and retinal vasculature
have also been considered as biomarkers of AD, but are not yet conclusively validated for clinical
diagnosis. Further research is needed in order to use ocular biomarkers as AD early diagnostic tools.

Regarding the use of ocular biomarkers, as well as other novel matrices, some limitations arise,
like the amall volume of the samples or the standardization of the collection procedures.

3.3. Salivary Biomarkers

Due to the link between the decline of the salivary glands and AD [169,170], it seems likely that
AD-specific proteins are expressed in the salivary glands. Salivary epithelial cells express APP and Aβ,
and changes in the CSF may be reflected in the saliva [171,172]. Saliva is a novel matrix; therefore,
there are still some conflicts between studies. One study has revealed no changes in Aβ-40 protein
between AD patients and age-matched controls and high levels of Aβ-42 only in MCI patients (in
severe AD stages, these levels returned to control values) [173]. A second study has shown that
salivary levels of Aβ-40 and Aβ-42 peptides increase as the severity of AD grows, even as far as a
three-fold increase in the case of Aβ-42 levels [174,175]. Moreover, studies where the genetic condition
was considered, suggested that salivary Aβ-42 levels were associated with familial AD more than
with sporadic AD [173,176]. Among the reasons for these different results may be the distinct Aβ

peptide detection and saliva collection techniques, as well as the different disease stages of the patients.
There is a clear need for more studies and larger sample size to conclude whether there is a relationship
between salivary Aβ-42 and Aβ-40 levels and AD progression.

Another typical candidate protein for analysis in the saliva is Tau, which is expressed and secreted
by the acinar epithelial cells of the salivary glands [177]. No changes have been seen in total Tau levels
between healthy elderly, MCI, and AD patients [178]. In contrast, the phospho-Tau/total-Tau ratio looks
promising in this regard. A high phospho-Tau/total-Tau ratio was found in AD patients compared
with non-amnestic people [179]. Though no conclusive results were found that pointed in a particular
direction, the few results available suggest that studies should be directed at investigating different
sites of Tau protein phosphorylation as possible candidates for biomarkers of the pathology [180].

Interestingly, the study of one of the most important antimicrobial peptides in saliva, lactoferrin,
seems to have a high accuracy in AD diagnosis. Lactoferrin participates in modulating the immune
response and inflammation process due to its high defense action. It has been seen that low
lactoferrin levels in saliva of healthy people mean a clear risk factor to develop amnestic MCI and AD
dementia [181].

Another proposed candidate in the saliva is the acetylcholinesterase enzyme (AChE), which plays
a role in removing the accumulation of acetylcholine (ACh) in Aβ-plaques and NFTs. Although there
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are still few studies, no evidence has been found to suggest that AChE activity is different between AD
patients and control individuals of the same cognitive age not taking anticholinergics [182,183].

All these results support the need for longitudinal studies with a larger number of subjects to
find conclusive results regarding the potential use of the expression of certain molecules in saliva as
biomarkers in AD.

3.4. Urine Biomarkers

Oxidative stress plays an important role in AD, and the study of guide molecules of oxidative
brain damage might be promising early hallmarks of AD in urine. Some metabolites such as the
isoprostane 8,12-iso-iPF(2alpha)-VI, a free amino acid generated by lipid peroxidation whose levels in
urine were higher at advanced AD stages, might predict the progression of the pathology from MCI to
AD dementia [184,185].

Other metabolite candidates that reflect oxidative DNA damage can be oxidized nucleosides
such as pseudouridine, 1-methyladenosine, 3-methyluridine, N2, N2-dimethylguanosine,
8-hydroxy-2′-deoxyguanosine, and 2-deoxyguanosine, whose levels were higher in AD patients
than in healthy elderly [186].

Other promising markers are some proteins found in urine. Given that the AD-associated neuronal
thread protein (AD7c-NTP) was isolated from brain tissue and was increased in the CSF of AD people,
correlating with the severity of dementia [187], it has been suggested as a potential biomarker of AD.
Recently, a high specificity of this protein has been demonstrated to predict Aβ-plaques in MCI patients
when present in the urine [188]. These findings are supported by a meta-analysis proposing the use of
urinary AD7c-NTP for the early diagnosis of probable AD [189]. In a longitudinal study carried out in
2018, high levels of albumin, a protein characteristic of chronic kidney disease, were detected in AD
patients in comparison with age-matched healthy individuals [190]. According to Yao et al. [191], and in
the same direction, the urine of patients with AD showed significantly decreased levels of osteopontin
and increased levels of gelsolin and insulin-like growth factor-binding protein 7 in comparison with
healthy elderly. All of them are proteins involved in several pathological processes of AD [192–194],
and they may serve as potential novel urinary biomarkers.

Although it is evident the need for longitudinal studies with bigger samples to get conclusive
results verifying the diagnostic value of these peripheral markers, the scientific community is hopeful
that the biomarkers in these noninvasive new matrices will be able to demonstrate diagnostic value.

4. Concluding Remarks and Future Perspectives

In addition to the established Aβ-42, total-Tau, phospho-Tau, and CSF biomarkers, several
candidate more accessible fluid biomarkers have shown potential for clinical use in AD to support
diagnosis and prognosis.

Blood has been the most widely studied fluid biomarker, being neuron-derived BEVs the most
investigated biomarker among blood-isolated EVs. The majority of the studies reported elevated
Aβ-42 levels in blood-isolated neuron derived BEVs in AD and MCI patients early in the course
of the disease, and also with disease progression. With regard to synaptic proteins assessed in
neuron-derived BEVs, growth-associated protein 43 (GAP43) also showed some potential as a marker
of AD progression. Henceforth, BEVs have emerged as a novel potential blood-based biomarker
of AD. It would also be interesting to study BEVs from other components of the brain, such as the
cerebrovasculature, that are affected in the early stages of AD and that would allow us to obtain more
sensitive blood-based biomarkers.

Tear fluid also provides a viable source widely used for biomarker studies and lipocalin-1,
dermcidin, lysozyme C, lacritin, eIF4E, and the microRNA-200b-5p were shown to be potential
biomarkers. The relationship between salivary Aβ-42, Aβ-40, and lactoferrin levels and the progression
of AD point out to also be biomarker candidates of AD and MCI in saliva. Lastly, several metabolites
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and proteins like AD7c-NTP, osteopontin, gelsolin, or insulin-like growth factor-binding protein 7 in
urine are involved in several pathological processes in AD.

Inflammatory and oxidative stress markers are very common hallmarks of neurodegenerative
diseases such as amyotrophic lateral sclerosis, Parkinson, Huntington, and AD. It has been suggested
that these alterations reflect inflammatory mechanisms within the central nervous system that parallel
the neurodegenerative process [56]. In this review, we have mentioned several neuroinflammation
candidate biomarkers such as TREM2, MCP-1, and YKL-40, which have been extensively investigated in
AD patients. Particularly, there is strong evidence regarding CSF YKL-40 levels, not only as a potential
biomarker for AD diagnosis, but also as a predictor of disease progression from the asymptomatic stage
to prodromal, and eventually dementia stages [51]. However, the idea that these inflammation-related
proteins could differentiate AD from other dementias is controversial since neurodegeneration and
neuroinflammation go hand in hand and inflammation on its own cannot be considered a marker of a
specific pathology. There is a clear lack of reliable inflammatory biomarkers that can be used in the
context of accurate diagnosis.

Despite recent studies strongly indicating the potential of fluid biomarkers as early diagnosis of
AD, these biomarkers are not yet validated for clinical use and further research is needed before these
can be regulatory qualified and applied clinically. Future work should establish normative ranges for
the levels of these biomarkers to indicate a pathology that may find clinical applications. If we provided
early diagnosis and treatment before the underlying pathology manifests clinically, AD patients’ quality
of life could notably improve and could be an approach to prevent its irreversible consequences.
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Abstract: Alzheimer’s disease (AD) is the most common type of dementia, affecting more than
5 million Americans, with steadily increasing mortality and incredible socio-economic burden.
Not only have therapeutic efforts so far failed to reach significant efficacy, but the real pathogenesis
of the disease is still obscure. The current theories are based on pathological findings of amyloid
plaques and tau neurofibrillary tangles that accumulate in the brain parenchyma of affected patients.
These findings have defined, together with the extensive neurodegeneration, the diagnostic criteria
of the disease. The ability to detect changes in the levels of amyloid and tau in cerebrospinal fluid
(CSF) first, and more recently in blood, has allowed us to use these biomarkers for the specific
in-vivo diagnosis of AD in humans. Furthermore, other pathological elements of AD, such as the
loss of neurons, inflammation and metabolic derangement, have translated to the definition of
other CSF and blood biomarkers, which are not specific of the disease but, when combined with
amyloid and tau, correlate with the progression from mild cognitive impairment to AD dementia,
or identify patients who will develop AD pathology. In this review, we discuss the role of current
and hypothetical biomarkers of Alzheimer’s disease, their specificity, and the caveats of current
high-sensitivity platforms for their peripheral detection.

Keywords: Alzheimer’s disease; biomarkers; cerebrospinal fluid; blood; amyloid; tau; soluble TREM2;
NfL; Multiplex; SiMoA

1. Introduction

1.1. Clinicopathological Definition of Alzheimer’s Disease

Alzheimer’s disease (AD) is a neurodegenerative disorder, characterized by progressive cognitive
impairment, affecting the domains of memory, speech, praxis, awareness and executive function,
representing a decline from the prior functional state, with a relentless course [1]. It is the most common
cause of dementia. Along with the destructive nature of the disease, which affects patients and their
families, AD represents an enormous burden on public health. An estimated of 5+million Americans
have AD, and the prevalence worldwide reaches almost 60 million; the diseases hits the elderly
population the most, with 11% of individuals 65 and older affected by the disease [2,3]. Two thirds of AD
patients are women, implying hormonal, lifestyle and genetic factors as co-causative elements [2,4–15].
AD is the sixth leading cause of death in the US [16] and mortality due to AD has steadily increased in
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the last 20 years, in contrast to opposite trends for other chronic diseases, such as cardiovascular, cancer,
HIV and more. The socio-economic burden of the disease, on patients, families and caregivers at large,
and on society, is unparalleled; AD is the disease that contributes most to disability and poor health
in the US, reducing life expectancy and productivity of the affected individuals and the wellbeing of
caregivers, who often have to give up jobs and careers to care for their loved ones [17–19]; this is often
disproportionally affecting women too [20–22]. Finally, AD has a tremendous economic impact: the sole
health care costs, variably covered by insurances (including Medicare and Medicaid) or out of pocket,
to care for this disease, is in excess of 230 billion [23]. Age-matched comparisons show that individuals
affected by dementia had 3–4x the annual health care expenses than those not affected. It is estimated
that these costs will reach, in 2050, 1 trillion dollars (2020 Alzheimer’s Disease Facts and Figures.
Available online: https://www.alz.org/media/Documents/alzheimers-facts-and-figures.pdf. Accessed
on 29 July 2020), a figure comparable to the US budget deficit in 2020. Interestingly, these numbers
should probably be corrected upward, as the disease is often under-recognized and under-reported.
This is particularly relevant to our discussion, given current limitations in performing early and
accurate diagnosis.

The pathological diagnosis of AD relies on the assessment of specific brain features [24–27],
based on the presence, morphology and density of lesions and their topographic distribution, in the
appropriate clinical setting. Alzheimer’s brains are characterized by a spatiotemporally defined
accumulation of amyloid beta (Aβ) plaques, neurofibrillary tangles (NFT), of hyperphosphorylated
and aggregated tau and neuronal loss [25,28,29]. Aβ accumulates mostly as the Aβ peptide ending at
residue 42, which is considered the most toxic and most prone to aggregation [30]; tau accumulates as
a hyperphosphorylated and conformationally altered form, in both its 3- and 4-repeats variants [31].
The trajectory of protein accumulation is relevant. It is speculated that Aβ accumulates first; this is
followed by the hyperphosphorylation, conformational changes and aggregation of tau; finally,
neuronal loss ensues.

The link between these three features is, to some degree, still loose. Both Aβ [30,32] and tau [33,34]
are per se neurotoxic; Aβ accumulation can trigger tau accumulation [35] but, in several models,
tau can independently aggregate and cause neurodegeneration [36]. Furthermore, amyloid deposition,
by pathological and imaging staging (amyloid positron emission tomography—PET), does not
topographically and functionally correlate with the clinical cognitive decline seen in our patients,
while tau does, and there are cases of aged individuals who have amyloid deposition in their brain,
but no tau and no clinical dementia [25,37,38].

A significant degree of co-pathology, not strictly specific of AD, is common in these brains [39].
This includes the presence of activated microglia and reactive astrocytes, which appear initially around
neuritic plaques, and increase in density and activation in proportion to the neuronal damage and
the presence of tau pathology [40–42]; vascular alterations, in the form of amyloid deposition in
the blood vessels (CAA: cerebral amyloid angiopathy); accumulation of other structural proteins in
neurons, such as actin and actin-associated proteins in the form of Hirano bodies [43]; granulovacuolar
degeneration (GVD), a feature often associated with the initial hyperphosphorylation and aggregation
of tau in the hippocampus [44]. Argyrophilic grains of 4-repeat tau can also be found in neuronal
dendrites, near oligodendrocytes inclusions and seems to be relevant to disease progression [45].

In some AD cases, specific neuronal populations are vulnerable to develop Lewy body pathology
of α-synuclein [43,46], which is a signature of Parkinson’s disease (PD), mostly at the axonal level,
in cortico-limbic regions, olfactory bulbs and substantia nigra. Finally, TAR DNA-binding protein
43 (TDP-43) pathology, more commonly found in cases of frontotemporal lobe degeneration (FTD),
can be present in AD, in the amygdala, hippocampus and eventually in the neocortex and more
diffusely [47,48], being not specific of AD, but underlying the vast array of cellular dysfunction present
in this disease, which can affect RNA-related metabolism as well [49]. The common path, which is
likely consequent to all the above changes, is the dramatic loss of synapses, which precedes neuronal
loss, and mostly follows the distribution of tau pathology [43,50–52].
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The routine clinical diagnosis of possible or probable AD is currently based on the identification
of symptoms by the clinician, mostly Neurologists, Geriatricians, Psychiatrists and Primary Care
Physicians, followed by more in-depth assessment by Neuropsychology testing and using the tools
available in clinical practice, e.g., Magnetic Resonance Imaging (MRI) of the brain and common blood
works. Once AD is suspected, these tools allow to rule out secondary dementia and other, different
pattern of primary dementia. On a more sophisticated level, the analysis of the cerebrospinal fluid
(CSF), the use of PET imaging and genetics (in familial cases) may allow us to obtain a definitive
diagnosis of AD in vivo: due to cost and perception of invasiveness, this is often limited to Academic
centers or in the context of clinical trials.

Ideally, we should diagnose AD, and every dementia, as early as possible. Mild cognitive
impairment (MCI) is a prodromal phase of dementia, where the patient shows symptoms of cognitive
changes but maintains good functionality. This is a moment where the application of biomarkers
is paramount and significant therapeutic intervention may still possible. Unfortunately, there is a
significant underappreciation of the disease, which is missed in more than 20% of the cases. On the
other hand, lack of familiarity with alternative diagnoses, leads to overdiagnosis of AD in more than
25% of the cases, where potentially curable conditions are instead the underlying cause of the cognitive
and functional decline [53–56].

1.2. Pathogenesis

The majority of our understanding of the pathogenesis of AD derives from the identification of
key genes involved in the etiology and pathology of the disease. In a small percentage of the cases,
the disease is inherited as autosomal dominant (FAD: familial AD), with an early age of onset, as early
as the 40s, and a faster progression [57]. FAD is caused by mutations of one of three genes, Amyloid
Precursor Protein (APP), Presenilin 1 (PS1) or Presenilin 2 (PS2). APP is the precursor of the amyloid
peptide, Aβ, which is generated from APP by two sequential cleavages: first, the beta-secretase activity
of BACE1 (beta-site amyloid precursor protein cleaving enzyme 1) generates a peptide of ~99 amino
acids (C99); subsequently, the activity of the gamma-secretase, a multi-peptide protease, progressively
cleaves C99 to generate the Aβ peptide ending at residues 40 or 42. The gamma secretase complex is
composed of PS1 or PS2 and three other proteins, nicastrin, Aph1 and Pen2 [58]. Mutations in APP
mostly lead to increase affinity of APP itself for BACE1, with increased generation of C99. Mutations
of PS1 and PS2, which result in an actual loss of function mutations of gamma-secretase [59–62],
lead to increased generation of the Aβ peptide ending in residue 42. This is recognized as the
most toxic of the Aβ peptides [63]. About 95% of AD cases are sporadic (SAD) and have a later
onset (after 65 years of age): although SAD cases lack a Mendelian cause, variants of genes such as
Apolipoprotein E (APOE) [64,65], and triggering receptors expressed on myeloid cells 2 (TREM2) [66]
are known to increase the risk of developing SAD. It is not clear what the initial trigger to Aβ and
tau accumulation is in the sporadic disease. At the subcellular and molecular level, the complexity of
Aβ and tau accumulation and their specific contribution to pathology has been extensively studied,
and is beyond the scope of the current publication. The general understanding is that both amyloid
and tau oligomers have the ability to disrupt several of the essential functions of neurons, and possibly
other brain cells, i.e., metabolic and mitochondrial activity [67,68], synaptic communication [69,70],
membrane integrity [71], membrane pore formation with ions leakage [72,73], protein trafficking
and degradation [74,75]. Both Aβ and tau possess the ability to trigger a cascade of functional
changes in neurons, microglia, astrocytes and oligodendrocytes, which results in neuronal dysfunction,
synaptic loss, innate immune system activation, inflammation, blood-brain barrier impairment and
neurodegeneration [39,76]. Relevant to our discussion, the immune system is activated (early) in AD,
and may contribute, by means of ineffective clearance of Aβ and tau by the microglia, to the diffusion
of such pathology to neighboring or connected areas [77,78], and inflammation per se is a trigger
to further production of Aβ and activation of kinases to hyper-phosphorylate tau [79], cascading
more neuropathology.
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1.3. The (Amyloid, Tau, Neurodegeneration) ATN System

Stemming from the above definitions, pathological correlates and pathogenic theories, AD can
be viewed as the combination of specific brain pathology, Aβ and tau, and neurodegeneration,
which eventually results in the clinical presentation. Recent advances in brain imaging and more
sensitive and specific means to detect Aβ and tau in biological fluids, associated with our ability to
detect loss of brain matter, metabolism or function, have allowed for development of a classification
and staging system for AD, the ATN system [80], which is routinely revised [81], to include the
everchanging horizon of new biomarkers available. Patients are classified by positivity to markers
of amyloid deposition (A), tau load (T) and neurodegeneration (N). Amyloid markers include the
positivity to Amyloid PET (several tracers are now available) or reduced levels of cerebrospinal fluid
(CSF) Aβ42, Aβ40 or of the Aβ42/40 ratio (see below). T is defined by the high levels of total or
phosphorylated tau in the CSF (see below), although the new available tau PET tracers may soon
be included in the criteria. Finally, N is related to the neurodegenerative aspect, and can be defined
by loss of volume/activity in specific areas of the brain by magnetic resonance imaging (MRI, e.g.,
NeuroQuant, [82,83]), fluorodeoxyglucose (FDG)-PET or by the presence of CSF biomarkers of synaptic
or neuronal loss, e.g., Neurofilament Light chain (NfL).

This system has been a useful tool for many biomarkers studies, both in biological fluids and
imaging, remaining the “benchmark” for AD diagnosis and prognosis determination. Importantly,
the ATN system can be extremely useful to identify and correctly classify individuals who may
have amyloid deposition but no neurodegeneration (A+T-N-) and vice versa (A-T-N+); this is
extremely important when studying pathophysiological correlates and in longitudinal assessments.
As hinted above, a good proportion of the ageing population will show deposition of amyloid in
their brain, but no clinical dementia; we know that this amyloid may not be the same amyloid
that accumulates in AD proper [84], hence not cause the disease, but also other factors may not be
present in these individuals that predispose to tau accumulation and neurodegeneration. On the other
hand, neurodegeneration and dementia may occur because of pathology other than Alzheimer’s, e.g.,
vascular, TDP43, alpha-synuclein, etc. If rigorously determined and applied to our studies, the ATN
system will be invaluable, as it prescinds from the subjective interpretation of the clinical status of the
patients, and is purely descriptive of their biomarkers status.

It must be noted, though, that not all the pathophysiological events and biomarkers in AD can
be inscribed in the ATN definition, hence we will be presenting a wider paradigm, that includes,
for example, inflammation.

1.4. Treatment Options

No disease-modifying treatment is available as of today, despite decades of efforts aimed to
curb the pathological changes of the disease [85–87]. The widest attempts to tackle the disease have
been directed against the production/accumulation of Aβ and have overall been underwhelming [85].
Reducing its production via inhibition of BACE or gamma-secretase has not been effective, resulting in
potential side effects, included hastening the cognitive decline [86]; active vaccination efforts against
Aβ has also not been successful, mostly due to cases of dramatic adverse events, in the form of
hemorrhagic encephalitis [88], despite some cognitive benefits in the survivors [89]. Alternative active
vaccinations strategies, aimed at inducing a wide reactivity to Aβ without the excessive inflammatory
response, have been tested [90,91] with scarce success. Passive immunization against Aβ was also
tainted by questionable clinical efficacy and concerns of serious side effects [92–95], but efforts are well
under way: at the moment that we write this review, a monoclonal antibody against amyloid has been
submitted for U.S. Food and Drug Administration (FDA) expedited approval as a modifying drug
against AD, with some skepticism among the scientific community in respect to the available efficacy
data [95] (NCT02477800). Tau has been the other logical therapeutic target. Current strategies are
directed to target total tau, which is thought to accumulate intra- and extracellularly, and may spread
from cell to cell, aggregating and getting hyperphosphorylated, contributing to neurodegeneration.
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Antibodies targeting extracellular tau have been in clinical trial now for some time, and we are all
bracing for the upcoming results. Of note, this strategy has so far failed in progressive supranuclear
palsy (PSP) cases with tau pathology (NCT03068468). An active immunization approach against tau is
currently under way as well [96,97].

What clinicians are left with is the use of symptomatic treatments. Acetylcholine deficits are well
recognized in AD [98], and are the basis for acetylcholine esterase inhibitors, which can ameliorate
quality of life. Memantine, a noncompetitive N-methyl-D-aspartate-receptor antagonist, has also
shown some benefit in maintaining cognitive function, alone and in association with acetylcholine
esterase inhibitors. In all, unfortunately, the enthusiasm for these agents is very low, due to low
efficacy and possible adverse events, such as behavioral changes, heart arrhythmias, loss of appetite
and weight, which in the elderly population are a major concern.

The neuropathological changes described above are projected to begin decades before the
presentation of symptoms. This makes any medical intervention, even in the prodromal stages,
a “too little-too late” approach, with few chances of being meaningful. The challenges in AD are,
in our opinion, 2-fold; first, defining the actual pathogenesis of the disease, by far not yet clear; second,
be able to identify the risk to develop the disease early enough so that disease-modifying intervention
can be effective.

1.5. Definition of AD Biomarkers and Diagnostic Challenges

What is a biomarker? What is an adequate and useful diagnostic biomarker for Alzheimer’s
disease? While it is fairly easy to respond to the first question, it is very difficult to answer the second.
The reason for the latter is that, save for the genetically determined cases of AD (a minority of the cases),
in the absence of a univocal and comprehensive pathogenic pathway, it is unlikely to be able to diagnose
AD with certainty in the living adult in a time frame that would be useful for significant intervention.

A biomarker is a “defined characteristic that is measured as an indicator of normal biological
processes, pathogenic processes, or responses to an exposure or intervention, including therapeutic
interventions” (FDA-NIH Biomarker Working Group. BEST (Biomarkers, EndpointS, and other
Tools). Available online: https://www.ncbi.nlm.nih.gov/books/NBK326791/. Accessed on 29 July 2020).
This definition includes both a diagnostic and prognostic element. The current literature about AD
biomarkers is extensive and rich of analyses and reviews. The popular website, Alzforum, has its own
dedicated meta-analysis page (Alzforum. Available online: https://www.alzforum.org/alzbiomarker.
Accessed on 29 July 2020).

AD biomarkers are quite reliable indicators of disease presence, topographical extension and
stage. Levels of Aβ, total tau (t-tau), and phosphorylated tau (p-tau) are concurrent with AD
pathology [99,100] and indicate its presence; at this stage amyloid [101] and tau PET imaging [102]
define the topographical extension of such pathology, while MRI [103] and FDG-PET [104] define the
topographical severity of the neurodegenerative process; finally, markers such as p-tau, NfL [105] and
YKL40 [106] can be useful, and early, peripheral indicators of disease stage.

We can use a combination of fluid and imaging biomarkers to complement the clinical investigation
in our patients, and fulfill the current diagnostic criteria [107–110] with ease. One caveat is that while
these criteria can work well in research settings [111,112], the reality of clinical practice is tainted by
the reluctance of patients to have invasive testing done (CSF) and by the lack or insurance support
for the more “fancy” imaging [113]. Fortunately, as described below, the rapid evolution of detection
techniques is allowing to reach remarkable results from blood biomarkers, which would improve
access for patients.

Another element must be taken in consideration when defining a useful biomarker: time.
The concept of early diagnosis has become crucial in neurodegeneration, since protein aggregation and
accumulation might only reflect the last stage of the pathogenic cascade, a point of no return in the
clinical manifestation and progression of the diseases, where therapeutic interventions have so far
been ineffective. As mentioned above, the exact succession of pathogenic events in AD is still unclear;
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Aβ and tau may be causative, but subtler prior changes in neuronal connectivity, metabolic patterns
and inflammation could represent an early disruption of neuronal function, leading to secondary
accumulation of Aβ and tau [36]. In this context, an early diagnosis should go beyond Aβ and tau.
A “late” biomarker’ profile may also be tainted by ongoing and long-standing pathology, and by other
factors related to ageing, e.g., brain trauma, infections, microvascular disease/strokes, and co-morbidity
with other frequent neurodegenerative conditions such as PD [114]. The clinical presentation of FAD
and SAD is similar, except for the age of onset. For FAD mutations carriers, preclinical diagnosis is
possible by genetic analysis; the more common SAD cases, instead, remain elusive until clinically
evident. Hence, the challenge of procuring an early preclinical diagnosis of disease or susceptibility to it.

With these limitations in mind, the science of AD biomarkers has evolved tremendously in the last
decade, and we are looking now at the possibility to have reliable peripheral non-invasive, scalable
and affordable biomarkers of AD pathology and disease stage.

We will review below the current, most promising fluid (blood and CSF) biomarkers available,
discuss the pathophysiologic correlate of each, their clinical significance, their general applicability in
the clinical and research setting. We will then take tau as an example of biomarker detection complexity,
with blessings and caveats, stemming from the need to accurately validate data emerging from new
ultra-sensitive platforms, in light of their biochemical limitations.

Importantly, we have divided the below presentation in biomarkers that are specific of AD,
where their appropriate combination in biological fluids defines the disease, from biomarkers that
are representative of neurodegeneration or associated pathology, such as synaptic and neuronal loss,
inflammation, vascular disease and others. The latter biomarkers may be present in neurodegenerative
diseases different from AD, in head trauma, in stroke and infections, hence they are not specific for AD.
They are, though, extremely useful to follow, and at time predict, AD progression and presentation.
Their precise causative role in the neurodegenerative process is still unknown, hence we will present
the current known hypotheses in descriptive fashion.

2. Biomarkers of AD Pathology

2.1. Aβ

Given its pathophysiological role, Aβ has revealed itself as the major biomarker of the disease,
in addition to being one of main therapeutic targets so far. Over the last 30+ years, exponential efforts
have demonstrated that CSF (and more recently blood) levels of Aβ (1) are reduced in AD compared to
non-demented controls [115], (2) are decreased in mild cognitive impairment (MCI) patients compared
to normal controls [116], (3) the trend of Aβ decrease is predictive of the clinical progression of MCI to
AD and preclinical AD [117,118] to MCI. Similarly, and (4) the Aβ42/40 ratio is reduced in MCI and
AD, with better clinical correlations to than total Aβ [119,120].

What is the pathogenic significance of Aβ reduction in biological fluids? Why is the Aβ42/40
ratio going down as the disease progresses? Is there ever a time, in the preclinical phases of the
disease, when Aβ is instead increased in biological fluids, possibly marking a pivotal moment where a
therapeutic intervention would still be effective?

In FAD, APP mutations lead to an increased overall production of Aβ, since the amyloidogenic
cleavage of APP is favored. Mutations in PS1 or PS2 result instead in a preferential cleavage of C99
to form the Aβ42, while in reality the overall amount of Aβ may be reduced, since these are loss of
function mutations [121]. In either case, there is an absolute or relative abundance of Aβ42 released in
the brain parenchyma, which has a high tendency to aggregate and deposit as oligomers, fibrils and
plaques in a process of nucleation [122]. Furthermore, BACE cleavage is seldom limited to residue #1
of Aβ; the amyloid peptide often starts at residue #3 or #11, a glutamate residue (E), which tends to
be cyclized [123,124] as pyro-glutamate (pE). The resulting AβN3(pE) and AβN11(pE) peptides also
have high tendency to aggregation, adding to the stickiness of Aβ42, and have been considered one of
the first seeding species of Aβ [125]. In this context, it is easy to understand how the parenchymal
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sequestration of Aβ results in lower level of the soluble molecule available to diffuse to the interstitial
fluid, CSF and blood, hence the low levels thereof. Further decrease of Aβ in the periphery may
also be related to the progressive and massive loss of neuronal cells along the progression of the
disease, as neurons are the highest manufacturers of the peptide [126]. Finally, other factors such as
inflammation, infection or perturbation of Aβ clearance mechanism may affect its peripheral levels,
though unlikely to have a chronic effect [127].

Other conditions show the opposite; in traumatic brain injury (TBI), for example, CSF and plasma
levels of Aβ1-42 increase steadily after the acute event, and normalize with recovery in weeks [127–129];
in some cases, an increase of APP itself was noted when sampling intraventricular CSF [130]. These data
tend to correlate with other markers of neuronal damage, i.e., the release of total tau, neuronal specific
enolase (NSE) and APOE, but the actual mechanism of shedding is unclear. Notably, axonal injury after
TBI is associated with redistribution of APP towards the axons and increased processing to generate
Aβ, explaining part of the CSF levels [131,132].

Interestingly, whereas Aβ accumulation in the brain results in a reduction in the periphery,
tau accumulation in the brain parallels its peripheral abundance [115] (discussed below). Tau accumulation
follows, in time, Aβ accumulation. Can this time difference (maybe decades) explain the dichotomy?
If so, is there a moment in time in AD pathogenesis when Aβ levels are actually increased or normal in
the periphery? The current data on autosomal dominant AD show initial amyloid-PET abnormalities
ca. 22 years prior the expected symptom onset (EYO-22) and CSF Aβ reduction (and tau increase)
a few years later (EYO-19 to -14) [133]. This series of events signifies that (1) sensible Aβ deposition
in the brain happens quite early in the pathogenesis, (2) current CSF (and blood) biomarkers follow
brain changes by several years, and (3) measures of neuronal damage (peripheral tau, etc.) do not
fall far behind peripheral Aβ changes. This leaves open the question of what happens even earlier
to peripheral Aβ, is it ever elevated? Is that the ideal moment where anti-Aβ therapeutic strategies
would be most effective? Only longitudinal studies with a very early CSF and blood sampling will be
able to answer these questions.

A recent study in a Down syndrome (DS) cohort [134], with CSF sampling from age 30 to 61,
showed Aβ42 reductions which was proportional to age and cognitive decline (from cognitive stable,
to MCI to AD), with higher levels than those reported in corresponding older non-DS controls, MCI and
AD [135], but did not have a non-DS age-matched control group. In another study [136], CSF levels of
Aβ peptide were found to be elevated from 8 to 54 months of age in DS children, while tau was low,
likely due to Aβ overproduction in the absence of significant parenchymal sequestration and neuronal
loss at that age.

CSF. Sampling CSF by lumbar puncture (LP) is the most direct way to obtain biomarkers that
reflect what happens in the brain. Being invasive, most patients do not feel comfortable undergoing
a spinal tap, although the rate of complications, i.e., post-LP headache, bleeds or infections is very
low [137]. CSF levels and variations of Aβ have long been the hallmark features of AD-type dementia.
The literature on the matter is extremely extensive and will not be reviewed here. We will limit our
discussion to the clinicopathological relevance of Aβ in CSF. The first attempts at measuring soluble
APP-derived fragment in the CSF of AD patients were carried out by D. Selkoe and S. Younkin [138]
and B. Frangione [139] labs, determining the reduction of soluble APP (sAPP) fragments in the CSF
of AD patients. Soon after, scientists were able to map the Aβ region and retrieve the peptide in
the CSF [140]. This led to the first studies looking at differences between AD and control subjects in
soluble APP and Aβ peptides [141–145], with notable differences likely due to detection methods and
populations [146,147].

CSF levels of Aβ 42 are generally lower in AD compared to control subjects, and have been seen
to decline with disease progression [135,147–150]. Aβ1-42 levels can be reduced as much as 50% in
patients with AD compared to control subjects [151]. There seems to be, though, significant overlap
of total Aβ1-42 levels between AD and non-AD dementia, such as vascular dementia, Parkinson’s
disease dementia (PDD), Lewy body disease (LBD), frontotemporal lobe degeneration (FTD) and even
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amyotrophic lateral sclerosis (ALS), and this may be due to population selection, stage of disease or
overlap of pathogenic events in advanced disease [152–158].

In the pre-dementia stages, both amnestic MCI (aMCI), the most frequent precursor of AD,
and non-amnestic MCI, showed low levels of Aβ1-42 [154,159–162] compared to control subjects,
also with significant overlap.

In all, the use of Aβ1-42 alone does not seem to be too promising for differentiating AD from
non-AD dementia and less so at the MCI stage, due to heterogeneity and overlap. As mentioned
above, the pathophysiology of APP processing in AD is characterized by an imbalance of the 1-42
over the 1-40 species of Aβ, with preferential deposition of the former in the brain. Additionally,
the gamma-secretase complex cleaves APP in a sequential fashion, generating progressively shorter
fragments, like the Aβ1-38. These fragments have been identified in CSF, and may be useful biomarkers
as well [162]. Thus, measuring the CSF ratio of Aβ42/40 (and other 42/X peptides ratios, e.g., 42/38,
etc.) has been attempted. Indeed, the CSF ratio of Aβ42/40 has proven to be a reliable marker of AD,
both at the dementia and MCI stage, as well as of the risk of progression from MCI to AD [163–166].
Furthermore, this ratio was also useful to differentiate AD from other non-AD cognitive changes,
such as subcortical deficits of vascular disease. Such correlations were validated by both amyloid PET
and extensive clinical and conventional MRI approaches. CSF Aβ42/40 correlates almost completely
with amyloid PET, and when there is discordance, longitudinal studies have shown that PET imaging
turns positive within a few years [117,119,150]. Finally, it was shown that different assay platforms
resulted in similar results [167].

Blood. Serum or plasma measurement of Aβ has become possible and reliable thanks to the
increased sensitivity and specificity of the available diagnostic platforms. Initial testing was based
on ELISA (enzyme-linked immunosorbent assay), but results have been equivocal at best [148,168].
Interference by plasma proteins was likely significant in these early attempts. ELISA have been
progressively improved to reach higher sensitivity, and other platforms have been developed, including
SiMoA (Single Molecule Array) [169–171], immunomagnetic reduction [172], multiplex assays (e.g.,
xMAP- [173]), MSD [174] and more. As discussed in more detail below, in order to overcome the
complexity of the blood and the interference by blood proteins and heterophilic antibodies and low
concentrations of the target biomarker [113], the more modern platforms work with very high dilution
of the sample and amplification of the specific signal, allowing for detection of picomolar/mL (or less)
concentrations of the target protein [175,176]. Thanks to these advances, we can now reliably measure
the Aβ42/40 ratio in plasma.

Studies using SiMoA have, first of all, confirmed a significant correlation between CSF and
plasma [170,177] Aβ42, Aβ40 and their ratio, and further confirmed the CSF data on AD and MCI vs.
control patients; AD and MCI patients show reduced levels of Aβ42 and Aβ42/40 ratio compared to
cognitively intact control subjects, confirmed by amyloid PET.

High-precision assays for plasma Aβ42/40, using immunoprecipitation followed by liquid
chromatography-mass spectroscopy (IP–MS) [178], are strongly predictive of brain amyloidosis as
validated by benchmark amyloid-β-PET, and reach 90% accuracy [175,179,180]. In one study, a novel
fragment ratio to Aβ42 (APP669–711/Aβ42) was also used to predict amyloid-β-PET positivity [175].

Interestingly, in the case of Aβ, another factor that interferes with the accurate plasma measurement
is its extra-cerebral production (e.g., platelets, [181]), which is difficult to control. Hence, while it is
possible to detect a reduction of the Aβ42/40 ratio in plasma in AD vs. control subjects, plasma reduction
only totals about 15%, while in CSF we can see as much as 50% reduction [115,176]. When analyzing
the overall trajectory of Aβ variation in plasma vs. CSF, in parallel with Aβ deposition in the brain
by PET, by a variety of modern assays, plasma Aβ does not perform as well as CSF [182], showing a
narrower range, making it still a less sensitive tool.
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2.2. Tau

In AD, tau undergoes significant conformational change and abnormal phosphorylation, leading
to the formation of inclusions throughout the brain, that start in the entorhinal cortex (EC) and, as the
disease evolves, spread progressively throughout the brain, leading to synapse loss and neuronal death,
which correlate well with the clinical onset and progression of symptoms [25,183,184]. High levels of
tau, both total (t-tau) and phosphorylated (p-tau), have consistently been detected in CSF of AD patients
compared to healthy controls [115,185–192]. Studies in FAD and SAD suggest that the tau-PET signal
associated with neurofibrillary tangle pathology increases at symptom onset and appears about one
decade after CSF soluble tau increase [193–196]. Other studies suggest that, while neurodegeneration
progresses, the rate of increase of p-tau and t-tau levels may actually be reduced [118,133,197], likely in
relation to the massive neuronal loss. In this dynamic scenario, where the rate of p-tau accumulation
changes, and Aβ may show fluctuations in time, as discussed previously, an ideal biomarker should be
specific enough for an adequate pre-clinical detection of AD and to track the disease progression.

As previously reported by Augustinack et al. [183], distinct tau phosphorylation sites correlate with
severity of neuronal cytopathology in AD. Pre-tangle state, intra- and extra- neuronal neurofibrillary
tangles were used to characterize different stages of pathology. More specifically, p-T231, p-S262,
and p-T153 (T: Threonine, S: Serine) were shown to stain non fibrillar tau and were identified as
early phosphorylation markers; p-T175/181, p-S262/p-S356, p-S422, p-S46 and p-S214 co-localized
with intra-neuronal fibrillar tau structures, and increase as disease progresses; p-S199/p-S202/p-T205,
p-T212/p-S214 and p-S396/p-S404 identified instead extracellular tangles composed of substantial
filamentous tau structures, seen in later stages of the disease.

In addition to focusing on crucial site-specific phosphorylation, it has been shown, by cryo-EM
analysis in AD as well as in other tauopathies, that the most disease-specific change is a tridimensional
folding of the tau filaments, which is a signature of the particular disease examined; these tau
molecular conformers can in fact differentiate between AD, Pick’s disease and corticobasal degeneration
(CBD) [198–201]. Moreover, an AD-specific epitope formed by two discontinuous portions of tau,

7EFE9 and 313VDLSKVTSKC322 and recognized by the MC1 antibody [198,202,203], represents an
early aberrant conformation of tau present both in a soluble form of the protein and in paired helical
filaments (PHF) assemblies [204]. Interestingly, the level of MC1 reactivity correlates with the severity
and progression of AD. To our knowledge, no assay has been developed to detect this early marker of
pathology in biofluids, likely due to the possibility that tau truncated species [205–208] could prevent
the identification of a conformational tau epitope using the currently available immunoassays, which are-
based primarily on mid-region-directed antibodies. We believe that, although this pathological feature
is not per se easily “translatable”, it should be kept in consideration when designing and developing
new tau biomarkers platforms.

In summary, the identification of precise phosphorylated tau species and conformers in the
biological fluids will contribute not only to early preclinical diagnosis of AD, but will also allow for a
“personalized” approach by staging the disease in its progression and possibly monitoring the effect of
therapeutic interventions. Here below is a review of the classic and novel approaches to detect tau and
its phosphorylated modifications in CSF and blood.

CSF. Increased phosphorylation and axonal degeneration are believed to induce passive release
of tau from the microtubules into the extracellular space, possibly as a neuronal response to Aβ

toxicity [209,210]. This process results in augmented levels of t-tau and p-tau in the interstitial
fluid and consequently in the CSF. From a neuropathological perspective, analysis of postmortem
brains has shown a certain degree of correlation between the neocortical tau burden and CSF
p-tau [190,211]. Tau phosphorylated at Threonine 181 (p-T181), t-tau and Aβ42 have been extensively
validated in the CSF as biomarkers of AD and are currently widely used as diagnostic benchmarks
in clinical and research studies [54,109,212]. CSF p-T181 tau has also proven useful in differential
diagnosis of dementia [213–215] and to predict cognitive decline in preclinical and prodromal disease
stages [213,216,217], with specificity for AD.
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An ongoing effort focuses on standardizing protocols and developing criteria for the appropriate
use of CSF tau assessment in the diagnosis of AD, with the intent of integrating CSF biomarkers into
clinical practice [218–220]. In this respect, the distinctive value of the CSF p-T181 tau level has still
to be thoroughly demonstrated. In one comparison study, p-T181, tau phosphorylated at Serine 199
(p-S199), and tau phosphorylated at Threonine 231 (p-T231) showed similar diagnostic accuracies
for AD [221]. On the other hand, Spiegel et al. [222] reported that CSF p-T231 tau levels are superior
to p-T181 in clustering AD subjects from normal control, suggesting the potential for CSF p-T231
assay to be employed in early AD diagnosis. These data are in line with the AD neuropathological
picture where p-tau231 shows greater sensitivity for neurofibrillary tangles than p-T181 [211,223],
with propensity to accumulate in layer II of the entorhinal cortex [183], known to be the first limbic
area in AD consistently targeted by neurofibrillary pathology [224].

Together with p-T181 and p-T231, other phospho-epitopes are under investigation with the hope
to find even better AD diagnostics. Barthélemy et al. [225] reported that CSF tau phosphorylated
at Threonine 217 (p-T217) is specifically associated with amyloid-β pathology, suggesting a strong
interplay between AD amyloidosis and hyperphosphorylation of tau on p-T217; moreover, p-T217
outperforms p-T181 as a biomarker for detecting both the preclinical and advanced forms of Alzheimer’s
disease. In a second study, Barthelemy et al. [226] suggested a pattern of tau staging linking CSF
site-specific phosphorylation to three different phases of the disease progression. By analyzing FAD,
SAD and patients with unaffected cognition but at risk of disease (based on the presence of abnormal Aβ

pathology); the authors identified an array of tau phosphorylation uniquely associated with structural,
metabolic, neurodegenerative and clinical markers of disease. The study shows that (1) p-T217 and
p-T181 rise in parallel to aggregated Aβ as early as 20 years before the development of neurofibrillary
tangles, (2) p-T205 correlates with hypometabolism and atrophy closer to symptom onset, and (3) t-tau
spikes when cognitive decline manifests. All of these data are in line with another study where the
associations of p-T217 with tau PET, CSF and PET measures of amyloid pathology were tested in
comparison to p-T181 [220]; the authors found that CSF p-T217 correlates better than p-T181 with PET
measures of tau and amyloid pathologies in AD, and more accurately distinguishes AD from non-AD
neurodegenerative disorders, suggesting the benefit of employing CSF p-T217 as a biomarker of AD in
clinical practice.

Furthermore, investigating tau fragments in CSF, Chen et al. [227] developed a set of tau
immunoassays able to detect different populations of tau fragments in CSF and blood. The authors
were able to demonstrate that mid-region- and N-terminal-containing fragments increase with disease,
while full-length tau is just a small fraction of the tau present in both normal and AD CSF. A recent study
has also shown that the ratio between C-terminally truncated tau368 and t-tau is significantly decreased
in patients with Alzheimer’s disease, with a strong correlation with 18F-GTP1 retention in brain [207]
(a measure of tangle pathology in vivo); these data suggest that tau fragment may preferentially
accumulate in tangles, and the CSF ratio tau368/t-tau reflects tangle pathology in brain and can be
used as an additional tau biomarker to stage and improve the diagnosis of Alzheimer’s disease.

Several studies indicate that TBI can be classified as an independent risk factor for developing
Alzheimer’s disease. As previously discussed for Aβ, the axonal injury resulting from the trauma
drives the development of both Aβ plaques and NFT [228–232]. Interestingly, not only do tau levels
increase in the CSF of the concussed patients undergoing repetitive trauma (i.e., sports players),
but serum t-tau levels have been reported to increase in the acute stage following the concussion,
while decreasing during rehabilitation [230,233,234]. Similarly, serum p-tau (p-T231 and p-S202) levels,
though reduced, were shown to be still higher compared to the control levels even at six months
post-injury [235].

When considering tauopathies different from AD with significant NFT pathology and
neurodegeneration, CSF p-T181 and t-tau levels do not necessarily increase; this is the case for
progressive supranuclear palsy (PSP) and some forms of FTD [221,236–238]. Why increased CSF t-tau
and p-tau are specific to AD can be explained by considering that (1) the pattern of tau phosphorylation
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occurring in these disorders is disease-specific, (2) tangle pathology and neurodegeneration in AD
may be consequent to Aβ accumulation, with disease-specific molecular cascades, such as kinases and
proteases activation, (3) disease-specific tau truncation could prevent detection by currently available
assays, and (4) specific pathological changes can be more severe in AD than in other tauopathies.

Blood. Until recently, AD biomarkers’ quantification was limited to the CSF. However,
while combining CSF biomarker analyses and PET scans have the potential to improve diagnostic
accuracy, these methodologies show limitations, impeding their use as first-line diagnostics [113].
Developing an accurate and standardized blood test will be more cost effective than PET
imaging [239,240], less invasive than CSF testing [241] and faster. Hence, blood-based biomarkers
represent next-generation diagnostics for AD and other CNS diseases. One matter of concern is that
blood tau has the potential to derive from other sources in addition to neuronal tau [242,243]. In this
respect, novel ultrasensitive detection technologies have been developed to facilitate the detection of
very low concentrations and variations of tau in the blood [186,244,245] using very high dilutions of
the biological fluid: employing these technologies has pushed forward the potential for plasma tau to
serve as a biomarker for neurodegeneration in AD, avoiding the interference of non-neuronal tau.

Longitudinal studies originally showed that higher levels of plasma t-tau are associated with
greater cognitive decline and risk of MCI [246–248], with no correlation with elevated brain Aβ [247].
As discussed, plasma t-tau assays can identify neuronal injury in acute brain disorders, such as
TBI, but work relatively poorly for AD diagnosis, and the correlation with CSF t-tau is weak [249].
In this context, t-tau could be intended as a non-specific prognostic marker for dementia and related
endophenotypes [248]. Despite the lack of correlation between plasma and CSF t-tau, Fossati et al. [186]
have recently demonstrated that by combining plasma t-tau with CSF t-tau or CSF p-T181 tau,
the accuracy for the differentiation of AD versus cognitively normal controls increases, suggesting that
plasma tau may be a useful biomarker to increase diagnostic power and determine therapeutic efficacy
in clinical studies.

Analysis of phosphorylated tau in blood has so far been focused on the development and validation
of assays for p-T181 [182,246,250–253], demonstrating that increased plasma p-T181 (1) correlates
with amyloid and tau PET measures [250,254,255], allowing the identification of individuals with Aβ

pathology but tau PET-negative measurements [253], (2) goes in parallel with CSF p-T181 [182,255],
and (3) can help in the differential diagnosis of non-AD types of dementias [253–255].

While writing this review, two groups published strong data in support of the use of a blood-based
assay detecting p-T217 tau. First, Barthelemy et al. [256] developed a protocol of purification and
enrichment of tau from plasma, followed by liquid chromatography (LC-MS); this system (1) allows
reliable detection of p-T217 showing high correlation with the CSF measurements, and (2) confirms
the ability of this biomarker in clustering amyloid positive and negative patients. The limitation
of this strategy is the high volume of blood needed to purify and extract tau and the elaborate
methodology, not compatible with the idea of developing a fast and easy-to- use assay. In the second
study, Palmqvist et al. [256] employed the Meso Scale Discovery (MSD)/Lilly platform (described below)
and validated the value of p-T217 in plasma to discriminate Aβ+MCI and AD patients from other
neurodegenerative disorders and controls, including sensitive discrimination of autosomal-dominant
pre-symptomatic Aβ+ patients. In all, given the high potential of measuring CSF p-T217 previously
described, it will be of great interest to follow the development and validation of novel ultrasensitive
platforms aimed at detecting p-T217 in blood, employing fully automated platforms to integrate this
biomarker in clinical practice. Similarly, setting up sensitive and specific assays able to detect p-T231
(early phosphorylated epitope) and p-S396/404 (late phosphorylated epitope) in blood will also be
relevant to stage the AD pathology and to monitor future therapeutic interventions.

Finally, an ultra-sensitive assay was developed in blood, to detect an N-terminal tau fragment
(NT1) [227], showing that N-terminal fragments of tau mapping in the 6–198 sequence are increased
in AD and MCI patients and may be useful as a screening blood-based test for AD. This approach is
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extremely significant due to the possible generation of disease-specific tau fragments (as for APP and
Aβ), and will need further investigation.

Immunoassays and ultrasensitive platforms to detect tau in biological fluids. Several assays
have been tested and extensively validated in CSF and plasma. In Table 1 we select and
catalogue the most used assays in the tau biomarker field at the moment, with emphasis on
their specificity, fluid samples’ applicability and limit of detection. The list of assays includes
(1) standard and second generation ELISAs (INNOTEST, EUROIMMUN, Elecsys), (2) MSD
platforms (3) Single-Molecule enzyme-linked immunosorbent assay (SiMoA), (4) Mass spectrometry
analysis, (5) superconducting-quantum-interference-device Immunomagnetic reduction (SQUID-IMR).
The detection range spans from few pg/mL to fg/mL according to the sensitivity of the assay.
EUROIMMUN and Elecsys are automated second-generation immune assays that have demonstrated
good analytical performance with clinically relevant measuring ranges, supporting their use in clinical
trials and practice [257,258]. MSD technology with electrochemiluminescence detection comes with
several advantages compared to standard immunoassays, including high sensitivity, low background
and wide dynamic range of detection [174]. Notably, Palmqvist et al. [182] recently ran a comparative
analysis of Aβ and tau CSF assays from five different manufacturers: Elecsys (Aβ42, Aβ42/40,
t-tau, p-tau181) EUROIMMUN (Aβ42, Aβ42/40, t-tau, p-tau181), INNOTEST (Aβ42, Aβ42/40, t-tau,
p-tau181), MSD (Aβ42, Aβ42/40, t-tau) and Lilly (p-tau181, p-tau217): Aβ42, Aβ42/40, p-tau and t-tau
had very similar trajectories between assays.

Moving to ultra-sensitive platforms, Rissn et al. previously developed [169,259] a Single-Molecule
enzyme-linked immunosorbent assay (SiMoA) that detects serum proteins at sub-femtomolar
concentrations, restricting the fluorophores produced by individual enzymes to considerably small
volumes, hence capturing the fluorescence of each single molecule. This methodology has been
extensively used to improve t-tau and p-tau detection in CSF and plasma (Quanterix).

SiMoA and INNOTEST ELISA have been also demonstrated to strongly correlate in CSF t-tau in
a comparison study [186]. Moreover, in a recent study, Karikari et al. [253] validated a blood-based
immunoassay measuring p-T181 using a sandwich immunoassay format on SiMoA technology.

To further quantify tau at high sensitivity, Barthelemy et al. has developed a protocol to
detect tau and p-tau in CSF and plasma employing targeted high-resolution mass spectrometry (MS)
[225,226,256,260,261]. Additionally, superconducting-quantum-interference-device Immunomagnetic
reduction (SQUID-IMR) has proven efficient at quantifying t-tau and p-T181 in plasma in early stages
of AD [172,252].
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3. Biomarkers of Synaptic and Neuronal Loss

Synaptic loss first and overt neuronal demise later are fundamental aspect of AD pathology and are,
together with tau deposition, the real correlate of the manifestation of symptoms. Neurodegeneration
is the “N” in the ATN system, and is a fundamental correlate of the functional disability of AD
patients. When patients present to their doctors with memory loss or other cognitive changes, due to
AD, it is estimated that a large number of neurons have already been lost to neurodegeneration,
but recent models are looking at the effect of more subtle synaptic loss as an inciting event responsible
for symptoms [70]. In this context, several markers of synaptic disruption have been proposed as
indicators of disease onset and progression.

3.1. Neurofilament Light Chain (NfL)

NfL belongs to the type IV intermediate filaments, which make up the neuronal axoskeleton,
maintain neuronal caliber and play a role in intracellular transport to axons and dendrites. With the
neurodegenerative process, in AD as in other disease [262], NfL is released in the extracellular space.
NfL has been detected in both CSF and blood, and appears to be extremely sensitive to AD onset
and progression, predicting Aβ PET positivity as well; furthermore, longitudinal studies in familial
AD, have shown accurate prediction of disease onset, as far as 10 years prior to symptoms [263–266].
The tight correlation between CSF and blood values [267] make NfL one of the most reliable blood
biomarkers to predict onset and course of neurodegeneration.

3.2. Neurogranin

Neurogranin (Ng) is a neural-specific postsynaptic protein, concentrated on dendritic spines,
in the hippocampus and basal forebrain. Given its localization at the epicenter of the pathogenic events
in AD, it is not surprising that it would be released in the extracellular space and be detected in CSF.
In AD, CSF levels of Ng grow quite rapidly prior to the presentation of cognitive deficits, before NfL
does, in an Aβ-dependent way [268]. Plasma levels do not seem to be as reliable as CSF, possibly due
to peripheral production [269]. Importantly, and contrarily to NfL, other neurodegenerative disease do
not show an increase of Ng, raising the possibility of an AD-specific synaptic effect [185].

Other biomarkers in this category are being investigated, such as NSE and SNAP-25, and are the
subject of extensive analysis, but are mostly used in complex and integrated predictive models [133,270]
and will not be reviewed here.

4. Biomarkers of Inflammation and Microglia “Dysfunction”

Inflammation, microglia and astrocytes activation are well-recognized features of AD pathology,
as for other neurodegenerative diseases. It is unclear if they are integral part of the original pathogenesis
or are reactive features to the deposition of amyloid and tau. To really understand this aspect, we should
investigate, with an unbiased approach, the very early features of patients with a predisposition to
develop AD pathology, for example in large autosomal dominant cohorts, in prospective longitudinal
studies, and some effort is under way in this context. For the time being, we will focus on the data
available from the earliest detectable stages of AD pathology, the prodromal AD cases.

4.1. Soluble TREM2

The Triggering Receptor Expressed on Myeloid Cells 2 (TREM2) is a transmembrane receptor,
belonging to the family of cell surface transmembrane glycoproteins [271] which mediates signaling
and cell activation following ligand binding. It is expressed and functions in subsets of myeloid
cells, e.g., granulocytes, dendritic cells, macrophages, and microglia in the brain [272–275]. Among its
complex and protean roles, its function is to regulate immune cells’ activation upon binding of a variety
of ligands [66], including APOE and Aβ. In the brain, where it may be expressed preferentially in
some regions, such as the hippocampus, and differentially in response to the pro/anti-inflammatory
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environment, it mediates microglia activation, proliferation, migration, apoptosis and expression
of pro-inflammatory cytokines, in particular after binding with aggregated proteins such as Aβ,
and facilitates the phagocytosis of apoptotic neurons [276]. TREM2 expression is increased in many
neurodegenerative conditions, stroke, trauma and even ageing. Rare variants of TREM2, discovered
by GWAS studies [277,278], have been associated with the risk of developing AD, in the range of
the risk conferred by APOE4, of 2- to 4-fold (heterozygous). The most common AD-associated
variant recognized in populations of Europeans descent, but not in Chinese and African-Americans,
is the R47H [277,279]. This TREM2 mutant is associated with earlier onset of disease and higher
CSF tau levels [280] and seems to demonstrate reduced activity in ligands-binding and hence signal
transduction, with a net result of reduced microglia activation and, in AD models, less clearance of
Aβ [274]. Given this premise, it is only natural to look at TREM2 as a possible biomarker for AD.
The soluble form of TREM2 (sTREM2) is found in both CSF and blood [281,282]. In CSF, sTREM2 is
elevated in AD patients vs. controls, with positive association with t-tau levels [212,283]. In familial
AD, sTREM2 CSF levels increase prior to clinical onset, but after detectable changes of Aβ and tau
in CSF [284]; this is a moment in time where the brain is already at an advanced stage of pathology,
in particular tau, with significant neuronal loss and when patients are soon going to lose their cognitive
reserve and show symptoms. From a clinical perspective, this is relatively late to be useful as early
prediction of disease or point of intervention, but from a pathogenic point of view, it may signify a
“breaking point” of the Aβ and tau pathology containment system, where microglia cannot keep up
with plaques and tangles any more. This is extremely important to consider in the development of
therapeutic strategies in the future. More work is needed to create more sensitive assays in order to
detect sTREM2 blood changes, as early as possible. Additionally, since the degree of inflammation
and microglia activation differs from patient to patient, and secondary to treatment (e.g., anti-amyloid
strategies), a sensitive blood sTREM2 assay may be a very useful tool to monitor phenotypic variants
and adverse events form upcoming treatments.

4.2. YKL-40

YKL-40 is a glycoprotein expressed in both astrocytes and microglia, and is the protein product of
the CHI3L1 gene, a.k.a., Chitinase 3 Like 1. YKL-40 actually lacks chitinase activity and is secreted by
activated macrophages, chondrocytes, neutrophils and synovial cells, and plays a role in inflammation
and tissue remodeling [285–288]. The first indication that YKL-40 may be relevant for AD came from
an aprioristic evaluation of potential novel AD biomarkers [289]. Since then, several studies have
now looked at the both CSF and plasma levels of this protein. YKL-40 is elevated in AD vs. control
subjects [106,289,290], although it was also significantly elevated in patients with FTD [291]. Similarly,
in MCI, baseline higher levels of YKL-40 were associated with significant more risk to progress to
AD [106,289] with a tendency to continue to raise with disease progression [182]. The CSF ratio of
YKL-40/Aβ42 was shown to be predictive of the onset of cognitive symptoms [289]. Plasma levels of
YKL-40 have shown similar trends, but further validation may be needed to confirm reliable use [292].
In all, YKL-40, with its trend toward increase with disease progression, can be an associated marker for
progression and prognosis.

4.3. Other Biomarkers of Inflammation and Glial Activation

Several pro- and anti-inflammatory factors have been looked at in both CSF and blood, including
IL1, IL6, TNFα, VILIP-1, sTNFR and IP-10 [293–295], with some correlation to AD and MCI.
Their significant is still unclear, and some are now part of multiplex panes, used in association
with specific AD markers, arguably as prognostic indicators of disease progression.

GFAP (glial fibrillary acidic protein) is one of the major intermediate filament proteins of mature
astrocytes, and it is released by astrocytes during neurodegeneration [296]. It is not properly a marker
of inflammation, but it is a sign of a reactive brain milieu, as astrocytes tend to proliferate in response
to tissue injury, and eventually release large amounts of GFAP in the interstitial fluid. Recently,
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the astrocytic response to brain damage and the inflammatory microglia has been characterized
[297–299], and is very relevant in the context of AD pathology. The currently available CSF GFAP data
show a correlation between increased levels and Aβ and tau evidence of AD [115,300], and recent data
on plasma GFAP showed increased concentrations in late and early onset AD patients compared with
cognitively normal controls [301]. Given the non-specific nature of GFAP, its use may be in the future
confined to monitoring disease onset and progression, and possible response to treatment.

In all, given both the convergent and divergent nature of the inflammatory response, which involves
a myriad of molecules and pathways, leading to a fine balance between protective and deleterious
inflammation, and the fact that inflammation is an unavoidable element of ageing, any single marker
would not be useful in isolation. Rather, a comprehensive approach using combinations of such factors,
associated with specific marker of AD and markers of synaptic/neuronal loss (see below), has the best
chance to be useful in clinical practice and research.

5. Biomarkers of Other Associated Pathology

5.1. TAR DNA-Binding Protein 43 (TDP-43)

TDP-43 can be present as co-pathology in AD (up to 50% of cases), and is the main feature of
other neurodegenerative diseases, such as FTD and ALS. Its role is that of a transcriptional repressor,
which regulates genes’ alternate splicing. An extensive study [302] was able to link the presence
of TDP-43 in AD brains with the likelihood of clinical AD presentation; but to date, a reliable CSF
or blood marker is not available, although notable attempts and data are present for ALS [303,304].
Part of the issue is the non-specificity of TDP-43 accumulation, as the concept of a spectrum of TDP-43
neurodegenerative presentation is becoming more evident [305]. In this context, TDP-43 may be useful
as a biomarker in the future to predict course of disease or variants of AD presentation.

5.2. Alpha-Synuclein

Alpha-synuclein is the key component of Lewy bodies, and is classically found in Parkinson’s
pathology, LBD, multi-system atrophy (MSA) and AD (also 50% of cases) variants. It is involved
in presynaptic signaling, inhibiting phospholipases and moderating vesicles transport at the
terminals [306]. As for TDP-43, despite the feasible measurement of α-synuclein in CSF and blood,
no significant correlation has been made to date, likely due to the non-specific nature. What is
different here is the possibility to harness α-synuclein’s specific tendency to aggregate in a “prion-like”
fashion [307,308], for example by CSF RT-QuIC (real-time quaking-induced conversion), likely in virtue
of its conformational changes [309]. Further studies will have to determine the sensitivity of the test
for AD, as being able to detect synucleinopathy in AD cases would be highly significant for prognostic,
therapeutic and research purposes.

6. Vascular Damage and the Blood Brain Barrier

Vascular damage is an increasingly recognized pathological component of AD, both as an
independent consequence of the toxicity of Aβ and tau [310,311], and as a frequent co-morbidity
[312,313] with microvascular disease. The diagnosis if “mixed dementia” is ever more frequent,
as we scan more patients in our clinical practice. Although the real significance of the interplay
between amyloid/tau pathology and the microvascular damage is still unclear, as the basic pathological
mechanisms are quite complex, we have been able to detect vascular damage and blood-brain
barrier (BBB) leak [314,315] in vivo. Modern magnetic resonance imaging (MRI) techniques,
such as dynamic contrast-enhanced (DCE)-MRI, can show BBB permeability in specific regions,
i.e., the hippocampus [315,316]. This abnormal permeability seems to be proportional to ageing [317],
and is more frequent in MCI and AD patients compared to unimpaired control subjects [315,318,319].
An interesting correlate of MRI studies is the use of a marker of brain capillary damage, the soluble
platelet-derived growth factor receptor-β (sPDGFRβ), which is highly expressed in brain capillary
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pericytes and vascular smooth muscle cells [315], and is shed in the CSF after brain injury, possibly
in relation of the activation of proteases such as ADAM10 [320]. Emerging data show that ageing
and cognitive decline, independently of AD pathology, are associated with increased CSF levels
of sPDGFRβ, which correlate with MRI permeability [317]. Although the use of BBB permeability
diagnostics is still in its infancy, and the specificity for AD pathology is unclear, it would certainly
be a precious prognostic tool in the hands of clinicians. In this context, and somehow beyond the
scope of the current manuscript, the use of gadolinium-free MRI techniques to assess BBB permeability
(K-trans) would be extremely welcome.

7. Multi-Target Platforms

With so many biomarkers coming onto the scene, and in order to advance both the diagnostic
and prognostic assessments, a new generation of assays is under development with the goal to
simultaneously catch multiple targets within the same fluid sample. Using such types of assays will
be extremely informative in order to identify AD co-pathologies, characterize disease progression
and monitor treatment response. Table 2 contains a list of the more popular, commercially available,
multi-target platforms.

Table 2. Multi-target platforms.

Type of Assay
Platform/

Manufacturer
Targets

Fluid
Sample

LOD
pg/mL

References
(PMID/link)

SiMoA

Simoa® Neurology
3-Plex A Kit

HD-1 platform
(Quanterix)

t-tau
Aβ40
Aβ42

CSF
plasma

Tau: 0.019
Aβ40: 0.196
Aβ42: 0.045

Quanterix.com. Available online:
https://www.quanterix.com/sites/default/files/

assays/Simoa_N3PA_Data_Sheet_HD-1_HD-X_
Rev04%20%281%29.pdf. Accessed on 29 July 2020

Simoa® Neurology
4-Plex A Kit

HD-1 platform
(Quanterix)

t-tau
NfL

GFAP
UCLH-1

CSF
plasma

Tau: 0.024
NfL: 0.104

GFAP: 0.221
UCLH-1: 1.74

Quanterix.com. Available online: https://www.
quanterix.com/sites/default/files/assays/Simoa_

N4PA_Data_Sheet_HD-1_HD-X_DS-0074_rev7.pdf.
Accessed on 29 July 2020

Simoa® 4X-plex
neurology Kit

(Quanterix)
NEW

Aβ40
Aβ42
GFAP
NfL

CSF
plasma

Aβ40: 0.084
Aβ42: 0.148
GFAP: 1.66
NfL: 1.157

Alzheimer Association International Conference,
2020. Available online: https://alz.confex.com/alz/

20amsterdam/meetingapp.cgi/Paper/43506.
Accessed on 29 July 2020.

Luminex®xMAP®

The MILLIPLEX® map
4X multiplex

immunoassay kit
(Millipore, Sigma)

t-tau
p-T181
Aβ40
Aβ42

CSF N.A.

Emdmillipore.com. Available online:
https://www.emdmillipore.com/US/en/product/

MILLIPLEX-MAP-Human-Amyloid-Beta-and-Tau-
Magnetic-Bead-Panel-Multiplex-Assay,MM_NF-

HNABTMAG-68K. Accessed on 29 July 2020.

NeuroToolKit
Roche’s Elecsys

electroluminescence
immunoassay platform

t-tau, p-T181
Aβ40, Aβ42
α-synuclein

S100b
YKL-40
GFAP

sTREM2
IL-6
NfL

Neurogranin

CSF N.A. 32573951

Listed are some of the assays available for the simultaneous detection of multiple biomarkers in CSF or plasma. Type
of assays and platforms: SiMoA: Single-Molecule enzyme-linked immunosorbent assay; Luminex XMAP: bead-based
multiplex immunoassay in a microplate format; NeuroToolKit: based on electroluminescence immunoassay platform.
Targets and Fluid samples are specified. Limit of detection (LOD) of the assay is provided when available. References
are listed as PMID or hyperlink.

The NeuroToolKit, in development with Roche’s Elecsys electroluminescence immunoassay
platform [300], includes (1) α-synuclein as a marker of synaptic dysfunction, (2) S100b, YKL-40,
and glial fibrillary acidic protein (GFAP) as markers of astrocyte activation, (3) sTREM2 and IL-6 as
markers of microglial activation and inflammation, and (4) NfL and neurogranin as markers of axonal
injury and synaptic dysfunction.

Simultaneous measurement of Aβ42, t-tau and p-T181 in CSF has been previously developed
by the xMAP technology [321]. The MILLIPLEX® map multiplex immunoassay kit is a 4Xplex panel
enables the simultaneous measurement of Aβ1-40, Aβ1-42, t-tau and p-T181 in human CSF.
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The NEUROLOGY 3-PLEX A (SiMoA, Quanterix) detects t-tau, Aβ1-40 and Aβ1-42 in both CSF
and blood.

The NEUROLOGY 4-PLEX A (SiMoA, Quanterix) detects t-tau, NfL, GFAP and ubiquitin
carboxyl-terminal hydrolase L1 (UCH-L1) both in CSF and blood.

A new 4-PLEX assay has been recently developed (SiMoA, Quanterix) with the ability to target
Aβ1-40, Aβ1-4, GFAP and NfL in both CSF and blood (Alzheimer Association International Conference,
2020. Available online: https://alz.confex.com/alz/20amsterdam/meetingapp.cgi/Paper/43506. Accessed
on 29 July 2020), and was validated against the parent assays. We await studies on larger number of
patients, with diagnostic and prognostic implications.

Using a single platform with the ability to test multiple targets, such as in this case, would be
invaluable in clinical practice, given how precious CSF and even blood samples are. Ideal kits should
include markers specific of disease (e.g., Aβ42/40 ratio, p-T217 tau) and biomarkers of severity of
disease, as NfL, sTREM2 etc.

8. Immunoassays, Ultrasensitive Platforms and Their Potential Limitations

One main concern in the development of an immunological assay is to exclude any factor that could
potentially (1) interfere with the detection of the analyte and (2) alter the antibody binding. The first
category includes pre-analytical factors (sample storage, anti-coagulants), anti-analyte antibodies,
and hormone binding proteins that can change the measurable concentration of the analyte in the sample;
the second group consists instead of antibodies such as heterophile antibodies, human anti-animal
antibodies (HAAA), and human anti-mouse antibodies (HAMA) which are found in the biological
fluids and are able to interfere with the antibody binding in the assay [322]. Unlike plasma (~7 g
protein/100 mL) the CSF has only ~0.025 g protein/100 mL—mainly albumin [323]. Given the different
composition of CSF and blood, it is relatively easy to anticipate the different susceptibility to assay
interference of these two different biological fluids. While the CSF is a relatively “clean” fluid with
respect to protein concentration, plasma contains heterophilic antibodies and other molecules that
might interfere with the measurements of a biomarker of interest [245]. The presence of HAMA in
human plasma has been described in 30% of the population, and consequent interference by human
anti-globulin antibodies in immunoassay has been reported in several studies [324–328]. For these
reasons, detecting biomarkers for CNS disease in blood not only calls for highly sensitive and specific
assays, but require to efficiently remove all the potential confounders. Different methods for the
reduction of heterophile antibody and anti-animal interferences in immunoassays have been previously
described and include ways to remove or block the interfering antibody [322,329,330]. In this respect,
our group has previously developed a protocol combining NaOAc (sodium acetate) and heat-treatment
to ‘purify’ tau from the blood of transgenic animals undergone tau immunotherapy [328]. This protocol
was validated using mouse and human serum. While the NaOAc/heat-treatment did not affect tau
reactivity on CSF samples, human plasma samples displayed an impressive reduction of the apparent
tau signals after undergoing the heat extraction protocol. The use of the ultrasensitive assays described
here has overcome some of these technical issues. In addition, the use of blockers against heterophilic
antibodies in the sample diluent is also helpful to achieve reliable quantification [245]. We still
believe that the previous considerations need to be considered, especially when analyzing human
samples derived from patients undergone immunotherapy, where the risk of assay interference could
compromise the interpretations of the disease course and therapy.

Ageing is per se associated with a reduction of the integrity of the BBB, due to a multitude of
causes, e.g., prior infections, general inflammatory state, trauma, tumors and more [315,316]. MCI,
AD and cognitive changes in ageing have been associated with non-specific BBB permeability in certain
brain regions [317]. The resulting permeability may result in falsification of CSF data for reasons
analogous to the blood.
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9. Novel Approaches to Unbiased Biomarker Discovery: The Case for Metabolomics

A successful preclinical diagnosis of AD may benefit from an unbiased metabolomic analysis of
biological fluids. Given that CSF metabolites reflect brain changes better than blood, CSF biomarkers
are widely used in research and clinical practice [331]. The strength of metabolomics is in its ability to
measure a plethora of metabolites in an unbiased manner, providing a snapshot of an individual’s
biological status [331,332]. The ideal system would include a CSF metabolomic profile covering the
whole lifespan of individuals belonging to both FAD and SAD cohorts, followed by plasma validation.
While this analysis would require decades in human AD, or the longitudinal analysis of autosomal
dominant families, running such studies on faithful animal models would make for an optimal
surrogate, taking advantage of novel knock-in models, as opposed to transgenic ones, which reproduce
the exact genetic defect found in humans [333–338].

Metabolomic studies have been performed in CSF, blood and post-mortem tissue from AD and MCI
patients [331,339,340]. For example, elevated CSF glutamate and glutamine levels have been described
in AD before [332,341,342], and other studies have shown blood and CSF metabolites changes in
AD [343–345], some correlating with progression and risk of MCI to progress to AD [346]. Most identified
pathways relate to energy metabolism, Krebs cycle, mitochondrial function, neurotransmitter and
amino acids metabolism, and lipid biosynthesis. Longitudinal studies in FAD cases would be welcome
in the near future to understand both the pathological relevance of the said pathways and their power
to predict AD.

10. Discussion and Conclusions

Several studies have by now assessed the use of isolated biomarkers vs. their combinations to
predict diagnosis of AD, or progression of MCI to AD. No single biomarker, in CSF, blood, imaging or
cognitive alone is capable to predict onset and course reliably. Rather, the combination of multimodal
biomarkers is required to reach reliable predictions [100,300,342,347,348]. CSF Aβ1-42 reduction (best
proxied by the Aβ42/40 ratio) starts very early before symptoms onset, peaks a few years later when
amyloid PET is at the zenith; CSF tau elevation follows Aβ, and represent clinical disease severity very
well. NfL increase starts early, before tau, and is a very good indicator of neuronal damage early in
the disease, though it is not specific for AD; still, its reliability in blood as well in CSF, makes it an
excellent marker to track disease progression and possible response to therapies. Similarly, sTREM2
and YKL-40 are excellent markers of inflammation, and although their best use is in CSF, they could be
extremely useful to monitor possible adverse events of therapeutic intervention. Aprioristic analysis of
CSF and blood by metabolomic, proteomic, lipidomic and other large-scale approaches could be the
key, if done early enough in the pathogenic course, to generate hypothesis on the primordial triggers
of the disease, besides to identify AD patients and predict their trajectory. In this respect, autosomal
dominant families and patients with Down’s syndrome [134,349,350] may be the ideal subjects for
dedicated longitudinal studies.

Given this premise, the biomarker field has to drive every resources toward the development
of blood-based assays able to provide high specificity and sensitivity to excel in both diagnosis
(Aβ, and tau) and prognosis (i.e., NfL) of AD. Implementing AD biomarkers in clinical practice
will require blood-based assays (1) easy-to-use in terms of human specimen collection (few mL of
blood) and methodology, (2) with high sensitivity (under the pg/mL threshold) and specificity, (3) free
of interference produced by several confounders associated with the ageing process. The focus on
pre-symptomatic Aβ+ populations is paramount (e.g., autosomal-dominant cohorts) if we really want
to diagnose the disease in a phase where significant intervention is still possible.
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Abstract: A plethora of dynamic pathophysiological mechanisms underpins highly heterogeneous
phenotypes in the field of dementia, particularly in Alzheimer’s disease (AD). In such a faceted scenario,
a biomarker-guided approach, through the implementation of specific fluid biomarkers individually
reflecting distinct molecular pathways in the brain, may help establish a proper clinical diagnosis,
even in its preclinical stages. Recently, ultrasensitive assays may detect different neurodegenerative
mechanisms in blood earlier. ß-amyloid (Aß) peptides, phosphorylated-tau (p-tau), and neurofilament
light chain (NFL) measured in blood are gaining momentum as candidate biomarkers for AD. P-tau is
currently the more convincing plasma biomarker for the diagnostic workup of AD. The clinical role of
plasma Aβ peptides should be better elucidated with further studies that also compare the accuracy
of the different ultrasensitive techniques. Blood NFL is promising as a proxy of neurodegeneration
process tout court. Protein misfolding amplification assays can accurately detect α-synuclein in
cerebrospinal fluid (CSF), thus representing advancement in the pathologic stratification of AD.
In CSF, neurogranin and YKL-40 are further candidate biomarkers tracking synaptic disruption and
neuroinflammation, which are additional key pathophysiological pathways related to AD genesis.
Advanced statistical analysis using clinical scores and biomarker data to bring together individuals
with AD from large heterogeneous cohorts into consistent clusters may promote the discovery of
pathophysiological causes and detection of tailored treatments.

Keywords: biomarkers; Alzheimer’s disease; neurodegeneration; cerebrospinal fluid; mild cognitive
impairment; synaptic biomarkers; neuroinflammation; neurofilament light chain

1. Introduction

Alzheimer’s disease (AD) is the most common neurodegenerative disease (NDD), with 5.8 million
Americans aged 65 years and older living with AD in 2020 [1]. Since Alois Alzheimer’s first description
of the typical histological alterations of neuritic plaques (NP) and neurofibrillary tangles (NFT) in
1906 [2], more than eighty years have passed before amyloid beta (Aβ) and phosphorylated-tau
(p-tau) were identified as the main component of NP and NFT, respectively [3]. In 1984, the National
Institute of Neurological and Communicative Disorders and Stroke-Alzheimer’s Disease and Related
Disorders Association (NINCDS-ADRDA) [4] set postmortem examination as the reference standard
of AD diagnosis. Since then, the broad phenotypical variability of neurodegenerative diseases (NDDs)
has pushed the efforts toward developing a classification based on the main misfolded protein
deposition [5,6]. Nevertheless, the occurrence of these aggregates in multiple combinations is frequent,
and NDDs are rather emerging as a spectrum of disorders characterized by the loss of proteostasis [7].

Due to the failure of numerous trials against amyloid pathology, the idea of “one drug fits all”
treatment as an ultimate solution for an AD cure is fading [8]. In brief, the current framework on
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AD is more complex than previously thought because AD is not a mere plaque and tangle disorder.
The following pathophysiological pathways leading to neurodegeneration have been recognized as
clearly implicated in AD pathogenesis: (1) accumulation of misfolded proteins in the brain (Aβ peptides,
tau and p-tau proteins, other co-pathologies), (2) vascular dysfunction, (3) synaptic disruption, and (4)
neuroinflammation. The discovery of biomarkers indicating the modification of these processes at
different levels in space and time is gaining momentum, especially in design tailored disease-modifying
trials (Figure 1).

 

Figure 1. Alzheimer’s disease fluid biomarkers. The major pathophysiological processes involved in
Alzheimer’s disease (in bold) with validated and proposed fluid biomarkers are schematically represented.
Fluid biomarkers of vascular dysfunction, and of TAR DNA binding protein 43 (TDP-43) and α-syn
pathologies are still missing. Abbreviations: Aβ, β-amyloid, α-syn, α-synuclein; NFL, neurofilament light
chain; Ng, neurogranin; p-tau, phosphorylated tau protein; t-tau, total tau protein, synaptosomal-associated
protein 25 (SNAP-25), and triggering receptor expressed on myeloid cells 2 (TREM2).

Our aim is to review the development of novel candidate fluid biomarkers tracking these key
pathophysiological mechanisms in different matrices, especially cerebrospinal fluid (CSF) and blood.
In relation to AD, we mainly focused on the diagnostic and prognostic value of these biomarkers,
with particular attention to the novel ultrasensitive techniques.

2. Literature Search Methods

We performed a narrative review of literature focusing on novel candidate fluid biomarkers
for AD. A systematic review of literature focused on plasma biomarkers detected by means of
novel ultrasensitive techniques was performed in PubMed. We used the combination of the
keywords “plasma”, “serum”, “amyloid-β”, “NFL” (neurofilament light chain), “p-tau”, “p-tau181”,
“phopsho-tau181”, “phosphorylated tau181”, “t-tau”, “Simoa”, “immunoassay”, “immunomagnetic
reduction”, “fully automated”, “immuno-infrared sensor”, “mass spectrometry”, and “multimer
detection system”. Only papers in English published between 2014 and July 2020 and focused on
AD were included in the final analysis. Overall, we identified 21 studies that provided relevant
diagnostic and/or prognostic information (Figure 2). Among them, 10 were focused on amyloid-β
peptides, 7 were focused on p-tau or tau or both, and 4 were focused on NFL. For each paper, the study
population, the study design (cross-sectional, perspective, retrospective), and the diagnostic and/or
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prognostic value of the investigated biomarker were analyzed. We classified the diagnostic value of
each biomarker according to previously published recommendations as follows: “excellent” (area under
ROC curve [AuROC] 0.90–1.00), “good” (AuROC 0.80–0.89), “fair or moderate” (AuROC 0.70–0.79),
“poor” (AuROC 0.60–0.69), or “fail or insufficient” (i.e., no discriminatory capacity) (AuROC 0.50–0.59).

Figure 2. Flowchart displaying the article selection process.

3. Toward a Pathophysiological Definition of Alzheimer’s Disease

With the 1984 NINCDS-ADRDA criteria, the accuracy for probable AD diagnosis was suboptimal,
with sensitivity between 70.9% and 87.3% and specificity between 44.3% and 70.8% [9]. The definite
diagnosis relied on postmortem examination, with obvious limitations, since it is not applicable in vivo.
For this reason, the International Working Group (IWG) [10] and later the National Institute on Aging and
Alzheimer’s Association (NIA-AA) [11] published novel criteria for the diagnosis of AD incorporating
in vivo biomarkers. According to the 2007 IWG criteria, AD can be identified in vivo by the presence
of amnestic syndrome of the hippocampal type, which is characterized by low free recall that does not
improve with cueing. Moreover, biomarkers must be consistent with AD pathology. These biomarkers
are pathophysiological and topographical. The pathophysiological ones are low CSF Aβ1-42 peptide
concentration, high CSF total tau (t-tau) or p-tau levels, and an increased cerebral uptake of amyloid
tracers (e.g., Pittsburgh compound) with PET. The formers are hippocampal atrophy on volumetric
Magnetic Resonance Imnaging (MRI) and cortical regional hypometabolism on fluorodeoxyglucose
FDG-PET, involving bilateral temporal parietal regions and posterior cingulate. IWG criteria managed
to move from the static and binary/dichotomic vision of AD as a clinicopathological entity to its
current dynamic clinical-radio-biological description [10]. The subsequent 2010 revision of IWG
criteria overtook the amnestic-centered concept of AD and broadened the spectrum, adding the
rarer atypical forms of AD, such as primary progressive non-fluent aphasia, in particular logopenic
aphasia, posterior cortical atrophy, and frontal variant AD. The-so-called “asymptomatic at risk of AD”
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condition without clinical symptoms but with positive biomarkers of AD pathology was stated out,
as well as the concept of “mixed AD”, implying the co-occurrence of clinical and biological features
of other disease, such as parkinsonism (e.g., Lewy body pathology) or cerebrovascular disease [12].
Later on, these concepts were implemented in the IWG-2 criteria (2014) [13], where clinical diagnosis
required specifying whether typical or atypical AD phenotypes occurred. Furthermore, the condition
of a preclinical AD stage (for asymptomatic at risk and presymptomatic subjects) was defined in the
presence of cognitive normal individuals with biomarkers indicative of AD pathophysiological process.
Topographical biomarkers were used only for disease staging and monitoring. In parallel with IWG
criteria, the NIA-AA diagnostic guidelines developed in 2011 [14–16] moved forward, defining the
concept of mild cognitive impairment (MCI) due to AD (clinical MCI individuals with biomarkers
indicating AD pathology). In fact, MCI due to AD had a high likelihood of developing AD over time.
Subsequently, in 2016, the joint IWG-Alzheimer’s Association (IWG-AA) formalized a purely biological
definition of AD, based on the positivity of biomarkers of both amyloidosis and tauopathy [17]. In the
same years, the “A/T/N” classification system for AD was published. In this classification, the validated
AD biomarkers were reported into three binary categories (presence or absence) based on the nature
of the pathophysiology. “A” refers to the ß-amyloid pathology (cerebral amyloid PET or CSF Aß42);
“T,” refers to taupathology (CSF p-tau, or cerebral tau PET); and “N” refers to neurodegeneration
or neuronal injury tout court ([18F]-fluorodeoxyglucose-PET, structural MRI, or CSF total tau [18]).
This unbiased biomarker-based scheme was recently incorporated in the current NIA-AA criteria
published in 2018, with the addition of C for clinical change, to integrate the biomarkers condition with
clinical cognitive status [19]. All A+ individuals are considered part of the “Alzheimer’s continuum”,
while only A+ and T+ define AD. Non AD-specific parameters, namely neurodegenerative/neuronal
injury biomarkers (N) and cognitive symptoms (C), define staging [19]. A- individuals fall either in the
“normal AD biomarker” category with A-T-(N-), or “Suspected non-Alzheimer’s pathophysiology”
(SNAP) with A-T+(N)-, A-T-(N)+, or A-T+(N)+.

Among the mimics of typical AD-type dementia, Primary Age-Related Tauopathy (PART) should
be mentioned [20,21]. PART identifies individuals with cerebral NFT indistinguishable from those of AD,
in the absence of Aβ plaques; notably, NFT are restricted to the medial temporal lobe, basal forebrain,
brainstem, and olfactory areas [21]. At a clinical level, associated manifestations range from normal
cognition to amnesic cognitive impairment, but they are rarely a frank dementia. Similarly, a recently
described entity is the limbic-predominant age-related TDP-43 encephalopathy (LATE) [22]. LATE is a
common TDP-43 proteinopathy that generally affects older adults, and it is frequently associated with
hippocampal sclerosis. Aβ plaques or tauopathy may also coexist. Generally, co-pathologies in AD
subjects are common with approximately 30% of AD patients showing a cerebrovascular disease [23].
The concomitant deposition of Aβ and α-syn proteins is also described in postmortem examination in
about 30% of AD individuals [24,25] but also in up to 40% of patients with Parkinson’s disease (PD),
Parkinson disease dementia (PDD), and dementia with Lewy bodies (DLB) clinical diagnoses [26–28].

Thus, in this scenario, it is likely that no single biomarker could reach a 100% diagnostic accuracy,
being AD biologically multifaceted with a clinical picture reflecting pathology only in terms of
probabilistic association. Despite these intrinsic limitations, the use of core biomarkers in the AD
diagnostic workup improves accuracy (up to 90%) with a relevant impact on AD stratification and
selection for disease-modifying trials tailored against Aß and tau pathologies [29].

To date, the neuropathological hallmarks of AD remain extracellular Aβ plaques and NFTs [30,31].
First proposed in 1992, the “amyloid cascade hypothesis” [32] has been later corroborated by genetic
and biochemical data and currently represents the dominant pathogenetic model of AD. According to
this hypothesis, the deposition of fibrillar Aβ plaques within the brain promotes the accumulation of
NFTs, synaptic disintegration and neuronal death by inflammatory mechanisms, modification of ions
homeostasis, kinase/phosphatase activity, and oxidative stress [33]. In particular, Aβ plaques create an
unique environment that facilitates tau aggregation, initially as dystrophic neurites surrounding Aβ

plaques, followed by the formation and spread throughout the brain in a prion-like manner of NFTs
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and neuropil threads [34]. NFTs are characteristic of AD and are composed of hyperphosphorylated
tau [35–37]. The hyperphosphorylation of tau protein reduces its affinity for microtubules and promotes
its capacity to aggregate and fibrillize [38]. Therefore, microtubules are destabilized, and axonal
transport is impaired [39].

The hyperphosphorylated tau could also migrate in the somatodendridic compartments where it
interacts with Aβ and enhances synaptotoxicity [40], finally causing cell death due to a toxic gain of
function mechanism [41,42].

At the same time, much interest is growing around the role of inflammation in the pathogenesis of
AD. The contribution of inflammation to the pathophysiology of AD has been already hypothesized more
than 20 years ago [43–45]. The attention has been focused especially on microglia activation, which seems
to occur decades before AD onset [46–48]. Furthermore, a correlation between neuroinflammation and
amyloid or tau accumulation in the human brain has been reported in several investigations [46,49–51].
The microglial activation produces two different phenotypes. The microglial “pro-inflammatory”
phenotype (M1) displays pro-inflammatory cytokines (IL-1β, IL-6, IL-12, tumor necrosis factor
(TNF)-α, CCL2), nitric oxide, reactive oxygen and nitrogen species. The “anti-inflammatory” one
(M2) sustains the production of IL-10 and TGF-β, and it increases the expression of neurotrophic
factors (nerve-derived growth factor (NGF), brain-derived neurotrophic factor (BDNF), neurotrophins,
glial cell–derived neurotrophic factor (GDNF)), and several other signals involved in downregulation,
protection, or repair processes [52]. The chronic stimulus on microglia by Aβ peptides accumulation is
likely to lead to a protracted inflammation, and, in turn, increase Aβ deposition, in a vicious circle [53].
The inflammatory state would promote the production and release of pro-inflammatory cytokines,
which could themselves have a detrimental effect by inducing neuronal cell death.

Another relevant key pathophysiological mechanism that contributes to AD is vascular
dysregulation [54]. Several pieces of evidence support the role of chronic cerebral hypoperfusion
as the primum movens of AD pathology [55,56]. Hypoxia can activate β-secretase-1 and γ-secretase
as well as increase Aβ peptides accumulation [57]. Furthermore, the reduced supply of oxygen
and nutrients affects neurons per se, and, in turn, it promotes blood–brain barrier dysfunction,
increasing oxidative stress and inflammation [58]. Since Aβ deposition derives essentially from an
imbalance between production and removal, clearing system impairment is emerging as a further key
pathophysiological mechanism leading to AD. In particular, this mechanism involves the alteration of
astroglial-mediated interstitial fluid (ISF) bulk flow or glymphatic system [59,60]. This pathway is
mainly modulated by the sleep–wake cycle and seems to be important for the sleep-driven clearance
of Aβ [61]. Vascular pathology seems to be additive or even synergic to AD pathology as a cause of
cognitive impairment [62,63]. This cross-talk is most evident for cerebral amyloid angiopathy (CAA),
which shares Aβ deposition with AD typical neurotic plaques that are localized within leptomeningeal
and intracortical arteries, arterioles, and capillaries. CAA is commonly found in AD brains: up to
approximately 50% of subjects with severe NP load [64]. CAA can affect perivascular drainage
impairing glymphatic circulation, thus reducing a major route of Aβ clearance from the brain [59].
Intracranial atherosclerosis was found to be an additional, although not strictly neurodegenerative,
strong risk factor for AD dementia [65].

4. Fluid Biomarkers: Ultrasensitive Measurement Techniques

Due to several advantages over invasive (e.g., CSF Aβ peptides), expensive and scarcely available
(e.g., cerebral amyloid-PET) diagnostic tools, technologies aiming at quantifying NDDs biomarkers in
blood are gathering momentum.

However, the discovery of CNS-related biomarkers in blood presents challenging issues: (a) the
concentration of a biomarker released in CNS is lower than in CSF, considering that it has to cross the
blood–brain barrier and that the blood volume is consistently larger than the CSF one, (b) biomarkers
could also be directly expressed peripherally, and the contribution of CNS might be difficult to quantify,
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(c) proteolytic degradation of the analytes by plasma proteases and confounding blood proteins may
interfere with biomarker measurement [66].

The traditional enzyme-linked immunosorbent assay (ELISA) was extensively used in the last
few decades. It showed a substantial intrinsic variability in the quantification of plasma/serum
biomarkers and provided overlapping results in the discrimination between NDDs and cognitively
healthy subjects [67,68]. The large sample volume required in the analysis combined with a sensitivity
limited to the picomolar range could be addressed as the main weakness of this method. Therefore,
ultrasensitive techniques often representing ELISA-based evolutions have been developed for blood
biomarker discovery.

The automated xMAP (multi-analyte profiling) Luminex technology, a flow cytometric method,
allows the adaptation of several immunoassay formats to simultaneously detect multiple analytes
on different sets of microspheres in a single well [69]. Through pre-made calibrators, it reduces
measurement variability, partially overcoming some limitations of conventional ELISA methods
(Table 1).

Another emerging technique is the single-molecule array (Simoa), which is essentially a digital
ELISA. This fully automated method is based on capturing antibody-coated paramagnetic beads
loaded in arrays of femtomolar-sized reaction chambers with a volume 2 billion times smaller than
conventional ELISA. Ultimately, by acquiring fluorescence images, an increase in signal will reflect the
presence of single enzyme-associated immunocomplexes [70] (Table 1). This method is a candidate
prescreening tool but may be potentially useful throughout the whole AD spectrum [71]. Large-scale
longitudinal multicenter studies are anyway needed for the standardization and harmonization of
preanalytical and analytical variables [72].

Combining the unique advantages of highly specific immunoreactions and
electrochemiluminescence (ECL) biosensors, ECL immunoassays (ECLIA) have been implemented in
several automated platforms. A wide dynamic detection range, low background noise, and simple
optical set-ups are the strengths of this technique [73,74] (Table 1).

For protein analysis, immunoprecipitation has also been coupled with mass-spectrometry (IP-MS)
providing a robust quantitative tool to identify antigens based on their intrinsic chemicophysical
properties [75]. A significant advantage of this method is the possibility to analyze complex mixtures
of Aβ peptides at very low concentrations in a single assay. However, multi-step structured analysis
strategies are required in order to reduce the influence of non-specific binders and improve the signal
quality (Table 1) [76]. A tailored approach for the identification of oligomers has been adopted in the
Multimer Detection System (MDS), which is a modified sandwich ELISA originally designed to detect
prion proteins. As opposed to the conventional method, this strategy relies on two epitope-overlapping
antibodies for capturing and detecting an epitope, so that only multimers will bind to both antibodies,
allowing their selective detection over monomers, which conversely will only bind to one of them
(Table 1) [77,78].

Table 1. Key points of ultrasensitive techniques for the detection of putative blood biomarkers for AD.

METHOD PROS CONS

xMAP

It is a flexible technology with a workflow ranging from
semi- to fully automated options.
It enables the concomitant evaluation of multiple analytes
in a single sample representing a time-, cost-, and
labor-saving method.
It enables a shift from a hypothesis-based analysis of
known targets to a data-driven approach [83,84].

The simultaneous measurement of multiple ligands
may favor cross-reactivities (“matrix effect”).
A rigorous adherence to the manufacturer’s protocols
is required to minimize any artifacts when using
these kits [85].
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Table 1. Cont.

METHOD PROS CONS

Simoa

It is a fully automated technology based on
antibody-coated paramagnetic microbeads.
It has a great sensitivity (×1000 greater compared to
conventional immunoassays), being able to detect single
proteins at subfemtomolar concentrations.
It is capable of multiplexing with short turnaround times
and a remarkable throughput (up to 66 samples/h).
It represents the most established ultrasensitive technology
for blood biomarkers of AD to date (kits to measure
Aβ1-42, p-tau181, t-tau, and NFL are available).
A higher sensitivity compared to both ELISA and
ECLIA-based methods was shown for the detection of NFL
in serum [86–88].

Wide longitudinal multicenter studies are warranted
for the standardization of preanalytical and
analytical protocols parameters [72,88].

ECLIA
(MSD, Elecsys)

ECLIA-based methods are adopted in semi- to fully
automated (MSD) and fully automated (Elecsys) platforms.
MSD is a flexible multi-array technology enabling the
detection of biomarkers in single and high throughput
multiplex formats.
It provides a high inter-laboratory reproducibility, low
matrix effects, reliability and cost-effectiveness [73,74].
Aβ peptides measured with Elecsys showed among the
best accuracies in predicting the Aβ status assessed by
either amyloid-PET or CSF Aβ1-42/Aβ1-40 ratio when
compared to other techniques [89].
MSD provides good to optimal accuracy regarding the
discriminative role of plasma p-tau181 to detect AD [90,91].

The accuracy of the Aβ1-42 and Aβ1-40 Elecsys
assays is still suboptimal and insufficient to enable
the use of these techniques alone as clinical tests of
Aβ positivity.
Additional cross-evaluations are needed before these
ECLIA-based methods can be recommended [89].

IP-MS

It is able to characterize and quantify peptides by
introducing them into the mass spectrometer after
isolation through antibody-driven immunoprecipitation.
Using this technique, optimal discriminative accuracies in
detecting AD were reached by the Aβ1-40/Aβ1-42 ratio
measured in plasma [75].

Antibodies and solid matrices also isolate many
non-specific “contaminants”.
To reduce the interferences with the signals and
increase specificity in the detection of the antigens,
targeted precautions are recommended (e.g., two
rounds of repeated processing during the
immunoprecipitation) [75,76].
Compared to automated ELISA-based techniques,
IP-MS is a labor-intensive, low-throughput and
time-consuming method not easily implementable on
a wide scale [92].

MDS

It is an ELISA-based sandwich assay aiming at measuring
oligomerization tendency in blood. It uses capture
antibodies and epitope-overlapping detection antibodies
to identify oligomers or multimers [93].

Its sensitivity in detecting Aβ oligomers failed to
reach the cut-off of >80% that is needed for the
validation of a biomarker [94].

Immuno-infrared
sensor

It is an antibody-based method to extract all the Aβ

peptides from blood samples, allowing the identification of
β-sheet enriched conformations [79].
Compared to established ELISA-based tests, it does not
measure the absolute biomarker concentration but the
relative frequency shift in the infrared, reducing the
influence of concentration fluctuations caused by
biological variances [80].
Unique features of this assay are the absence of labels
(enzymes, fluorescent or radioactive molecules) with
potentially confounding effects, being the analytes detected
based on their intrinsic physical properties, a simple and
low-cost procedure and the low sample volume needed.
It is able to identify the initial Aβ misfolding, occurring
several years before clinical manifestation of AD [80].

Further tests in different clinical set-ups are needed to
investigate the potential effects of sample handling and
to evaluate their potential as screening-assays [79–81].

IMR

It measures the change in magnetic susceptibility caused
by the association of antigens with antibody-coated
paramagnetic nanobeads [82].
In contrast to ultrasensitive digital ELISA methodologies,
IMR is a single-antibody immunoassay. Less stereoscopical
interferences and a better ability to detect Aβ1-42
molecules in different conformations (isolated, complex or
oligomeric forms) are strengths of this technique [95].

In regard to Aβ peptides, it provides results that are
not consistent with those of the ELISA- and
MS-based methods. The unspecific detection of Aβ

aggregates or Aβ binding proteins likely caused by
the single-antibody nature of the technique may
explain the increase of plasma Aβ1-42 levels in AD
patients compared to healthy controls [96].

Abbreviations: Aβ: amyloid β; Aβ1-40: amyloid β-peptide 1-40; Aβ1-42: amyloid β-peptide 1-42; AD: Alzheimer’s
disease; CSF: cerebrospinal fluid; ECLIA: electrochemiluminescence immunoassay; ELISA: enzyme-linked
immunosorbent assay; IMR: immunomagnetic reduction; IP-MS: immunoprecipitation coupled with mass
spectrometry; MDS: multimer detection system; MSD: meso scale discovery; NFL: neurofilament light chain;
p-tau: phosphorylated-tau; Simoa: single molecule array; t-tau: total tau; xMAP: multi-analyte profiling.
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Among the recently developed biosensors in AD research, the immuno-infrared sensor represents
a promising label-free technique not aiming at discriminating particular Aβ species, but rather aiming
at identifying the secondary structure distribution of all misfolded peptides. Thus, it is potentially
exploitable in a preclinical setting (Table 1) [79–81].

A further virtuous application of the immunoassay principles is part of the immunomagnetic
reduction (IMR) technique, in which magnetic antibody-coated nanoparticles dispersed in aqueous
solution oscillate under external multiple alternating current (AC) magnetic fields. The association of
target molecules determines a reduction in the AC magnetic susceptibility of capturing nanoparticles
that will be as high as the concentration of the analytes (Table 1) [82]. Compared to ELISA-based
techniques (e.g., Simoa), this method does not make use of beads to purify or concentrate antigens,
and it is virtually able to quantify smaller proteins in higher number. Whether this could represent an
advantage to detect Aβ peptides in plasma is still to be elucidated (Table 1).

Huge efforts have been made to develop and refine these technologies. Nevertheless, there is an
urgent need to promote unbiased cross-platform evaluations for an effective method standardization.

In view of a targeted-oriented approach to AD, the adoption of guidelines to systemize preanalytical
and postanalytical procedures across laboratories, aiming at finding consensus on a high-performance
scalable platform for the discovery and approval of blood biomarkers, would be strongly recommended.

5. Biomarkers Tracking Amyloid Pathology

Accumulating evidence from the clinical research consistently supports that CSF Aβ1–42 peptide
shows an inverse correlation with plaque load in the brain [97–101] and provides important diagnostic
information throughout the continuum of the AD spectrum. Therefore, this biomarker is currently
integrated in the diagnostic criteria of AD; it is used for subject selection in clinical trials and approved
in medical practice as well [13,14,19]. On the contrary, CSF Aβ1–40 peptide alone, albeit prevailing
over the other Aβ species in both CNS and periphery, showed no relevant correlation with AD
dementia [76,87–89]. Notably, the ratio of CSF Aβ1–42/Aβ1–40 has been found to predict cortical
amyloid-PET positivity more accurately than CSF Aβ1–42 alone [90–92], improving the discrimination
of AD vs. non-AD demented patients (Table 2) [93,94].

Table 2. Overview on the possible context of use of fluid biomarkers in AD.

Diagnostic Value Prognostic Value Monitoring Treatment

Preclinical
Phase

Prodromal
Phase

Full-Blown
Picture

Amyloid pathology

Aβ peptides Blood +
Aβ peptides CSF + + + +

Tau pathology

p-tau Blood + + + +

Neuroinflammation

YKL-40 CSF + +

Synaptic dysfunction

Ng CSF + + +

Neuronal structure and signaling disruption

NFL
CSF + + +

Blood + + +

Legend: plus sign (+): potential use, supportive data available. Abbreviations: Aβ: amyloid beta; t-tau: total tau;
p-tau: phosphorylated-tau; YKL-40; Ng: neurogranin; NFL: neurofilaments; CSF: cerebrospinal fluid.

Some investigations suggest that also the CSF Aβ1–42/Aβ1–38 ratio turned out to improve cerebral
amyloid deposition compared with CSF Aβ1–42 alone [94–96]. In addition, in pharmacological
trials, short Aβ peptides detection in CSF may help monitor patients receiving drugs that modulate
γ-secretase (Table 2) [97,98]. Among Aβ species, Aβ oligomers that are likely to play a key role in AD
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pathogenesis could be potentially used as preclinical biomarkers in CSF. Unfortunately, the detection of
Aβ species and Aβ oligomers is challenging due to their polymorphous and unstable nature. Moreover,
their concentration in biofluid is low, and they compete with other proteins and Aβ monomers. For the
aforementioned reasons, most of the existing techniques are not satisfactory and reporting conflicting
results so far [99]. As it also emerged from the Olsson and colleagues meta-analysis in 2016, Aβ11–42

and Aβ1–40 peptides measured in blood with traditional ELISA methods did not discriminate AD from
healthy controls [95].

Undoubtedly, the validation of relatively new technologies in the last few years—e.g., Simoa [100],
immunoprecipitation-mass spectrometry (IP-MS) assays [74], stable labeling kinetics protocols [101],
multimer detection system (MDS) [102], xMAP technology [103], immuno-infrared sensor [104],
electrochemiluminescence immunoassays (ECLIA) [105–112]—led to a significant increased sensitivity
in amyloid peptides detection in periphery when compared to the conventional ELISA technique,
with drastically lower concentrations (up to the femtolitre) in blood than in CSF [65]. Particularly, in a
2017 study based on an IP-MS method, the plasma Aβ1-42/Aβ1-40 ratio was significantly lower in
amyloid-PET positive compared with amyloid-PET negative participants. This ratio reported a good
accuracy in distinguishing the two populations [101] (Table 3) [113–131].

In 2018, Nakamura and colleagues used the same technique to measure Aβ peptides in plasma of
cognitive normal individuals, MCI and AD with dementia subjects, finding higher levels of plasma
Aβ1–40/Aβ1–42 ratio in amyloid-PET positive compared with amyloid-PET negative individuals [75].
Regardless of the clinical diagnosis, the ratio of Aβ1–40 and Aβ1–42 peptides (Aβ1–40/Aβ1–42), and that
of Aβ precursor protein fragment (APP669–711) and Aβ1–42 (APP669–711/Aβ1–42), had an excellent
diagnostic accuracy in discriminating cerebral amyloid-PET positive and amyloid-PET negative
subjects (Table 3). Similarly, in another study including a cohort of subjective memory complainers,
a condition at risk for AD, the plasma Aβ1–40/Aβ1–42 ratio, turned out to be the best predictor of cerebral
amyloidosis among a series of tested candidate biomarkers (e.g., β-site amyloid precursor protein
cleaving enzyme 1 or BACE1, t-tau, NFL [72] (Table 3). Additional investigations performed using the
Simoa technique reported a moderate accuracy of Aβ1–42/Aβ1–40 ratio in identifying the amyloid status.
The Aβ1–42/Aβ1–40 ratio was lower in amyloid-PET positive compared with amyloid-PET negative
participants [122,132] (Table 3). A further study in which Aβ peptides concentrations were assessed
with a fully automated ECLIA technique confirmed the good discriminative role of Aβ1–42/Aβ1–40

ratio, in both validation and discovery cohorts [92] (Table 3). Similarly, Hanon and colleagues in a
large investigation including 1040 MCI or AD participants reported that plasma Aβ1–42 and Aβ1–40

concentrations assessed by means of a kit based on a multiplex xMAP technique were lower in AD
than in both MCI and non amnestic MCI (naMCI), suggesting a gradual decrease of these peripheral
biomarkers with the course of the disease, in accordance to previous findings [109,133,134]. Conversely,
in some studies where IMR was used, plasma Aβ1–42 concentrations are higher in AD patients than in
healthy subjects [95,121]. Lue and colleagues reported a moderate diagnostic accuracy of this plasma
biomarker in one cohort and excellent in the other [121] (Table 3). Moreover, in a 2018 study carried out
by Nabers and colleagues using an immuno-infrared sensor, when compared with controls, not only
were the concentrations of β-sheet-enriched Aβ peptides higher in severe AD dementia patients,
as previously demonstrated [80], but they were also higher in prodromal AD patients, reaching a
good diagnostic accuracy in identifying the amyloid status assessed by PET (Table 3) [80]. A recently
developed ELISA method detecting Aβ multimers from monomers (MDS) showed a good accuracy of
plasma Aβ oligomers in distinguishing AD patients from healthy controls [118] (Table 3). In parallel,
in a subsequent study in which traditional ELISA was applied, plasma BACE-1 increase has emerged
as another surrogate hallmark of AD progression [135]. In an effort to assess the plasma concentrations
of Aβ1–38, Aβ1–40 and Aβ1–42 simultaneously, Shahpasand-Kroner and colleagues found that the
Aβ1–42/Aβ1–40 and Aβ1–42/Aβ1–38 ratios are significantly lower in patients with AD dementia than
in patients with dementia due to other causes and have a good accuracy in differentiating the two
groups [120] (Table 3).
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In summary, quite concordant results regarding low plasmatic concentrations of Aβ1–42 and low
Aβ1–42 /Aβ1–40 ratio in AD are reported in most of the studies in which an ultrasensitive technique has
been applied. Overall, recent data suggest a low plasma Aβ1–42 and Aβ1–42/Aβ1–40 ratio as being a
specific feature of AD patients with a weak to moderate and a moderate to high concordance with
amyloid-PET outcomes, respectively [136] (Table 2). Further investigations comparing the different
ultrasensitive techniques in the same populations will provide more accurate information regarding
advantages and drawbacks.

6. Biomarkers for Tau Pathology

Together with CSF Aβ1–42, CSF t-tau and p-tau are considered as core biomarkers for AD
diagnosis [11,137], and they are currently used for subject selection in clinical trials. Both CSF tau
species are higher in patients compared to non-demented individuals. P-tau is more specific than
t-tau for AD pathology and plays a main role in differential diagnosis being substantially normal in
non-AD dementias [138]. Recent studies have shown that CSF tau can predict disease progression in
both cognitively unimpaired and MCI subjects (Table 2) [139–141]. In 1999, Hulstaert and colleagues
reported that the combined measurements of CSF Aβ1–42 and tau had a better outcome than the
individual biomarker in differentiating AD patients from controls and other dementias [142]. In an
effort to establish the utility of both CSF t-tau/Aβ1–42 and p-tau/Aβ1–42 ratios, several authors ended
up confirming those preliminary findings [98,143,144]. Moreover, the ability of both ratios to predict
disease onset and progression was proven in other studies, including normal individuals and MCI
subjects, respectively [140,145,146].

Since 2013, it has been reported that plasma t-tau levels, measured through an assay based
on digital array technology, were higher in AD participants compared with both MCI and healthy
subjects, but they did not show significant modifications in subsequent longitudinal evaluations
(Table 2) [116,147]. Shortly thereafter, a large meta-analysis demonstrated the increase of plasma t-tau
levels to be strongly associated with AD (Table 2) [115].

In the last four years, highly sensitive immunoassay techniques significantly implemented
tau levels detection in peripheral blood. Indeed, Mattsson and colleagues to assess plasma t-tau
concentration in two separate cohorts applied the Simoa technique. In AD patients compared with both
MCI and healthy controls, an increase of plasma tau was demonstrated but with overlapping results.
More interestingly, longitudinal evaluations revealed that high baseline levels of this biomarker were
predictive of cognitive decline, higher atrophy rates at MRI, and hypometabolism at 18F-FDG-PET as
well [148]. A longitudinal study carried out using the same technique found increased plasma tau levels
associated with a higher risk of MCI and cognitive decline in MCI subjects, irrespective of the total
Aβ-burden in the brain [123] (Table 3). In 2019, Park and colleagues highlighted that both plasma t-tau
measured by the Simoa technique as well and the plasma t-tau/Aβ42 ratio positively correlated with
cerebral tau-PET uptake. Moreover, plasma tau-related biomarkers concentrations were significantly
higher in Tau-PET+ subjects compared with Tau-PET- subjects and could differentiate the two groups
with good accuracy (Table 3). It is noteworthy that the plasma t-tau and t-tau/Aβ42 ratio could predict
the cerebral accumulation of this misfolded protein after a 2-year follow-up [149]. A clear association
between plasma and CSF levels of p-tau was also found in Aβ+ patients, including the presymptomatic
stage (Aβ+ cognitively unimpaired), but not in Aβ− individuals [90]. Overall, these data suggest
to some extent that plasma t-tau concentration is high in AD patients, but the substantial overlap
with normal controls hinders its diagnostic utility (Table 2). Interestingly, an additional study found
out that plasma p-tau concentrations improve diagnostic accuracy significantly compared to plasma
t-tau by reaching a good capability in the discrimination of amyloid-positive and amyloid-negative
subjects (Table 3) [124]. Moreover, plasma p-tau levels assessed by IMR have shown a good accuracy
in differentiating unimpaired and MCI subjects [125] (Table 3).

The potential diagnostic role of plasma p-tau has been outlined in three recent investigations.
In a first study performed with a novel ECLIA technique, plasma p-tau concentrations not only could
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discriminate AD and frontotemporal lobar degeneration (FTLD) participants with good accuracy,
but they also identified amyloid-PET positive participants among elderly and MCI, and they predicted
the rate of cognitive decline in AD and MCI over a 2-year follow-up (Table 3) [91]. The second study
including three separate cohorts with 589 individuals (controls, MCI, AD, and non-AD NDDs) revealed
that plasma p-tau levels likewise assessed by means of the MSD platform increase with disease
progression (from preclinical to frank dementia phases encompassing prodromal/MCI stage) and can
distinguish AD dementia from non-AD dementia with excellent accuracy (Table 3). Furthermore,
plasma p-tau concentration was more elevated in Aβ+ cognitively unimpaired individuals than in Aβ−
ones and in Aβ+MCI who progressed to AD dementia compared to those who did not convert [90].
These results were confirmed in another study involving four independent cohorts (1131 total subjects)
in different clinical contexts. Actually, plasma p-tau concentration measured by the Simoa technique
discriminated AD dementia patients from both cognitively unimpaired subjects and other NDDs
(including tauopathies such as Progressive Supranuclear Palsy and Corticobasal Syndrome) with
optimal diagnostic accuracy (Table 3). Moreover, plasma p-tau predicted future cognitive decline over
time. Interestingly, plasma p-tau concentration strongly correlates with cerebral amyloid-PET burden,
even in amyloid-PET positive but tau-PET negative subjects, suggesting its crucial role in detecting
the earliest disease phases. Thus, this biomarker might represent a screening tool implementable in
different clinical settings and contexts of use [127].

7. Biomarkers for Neuroinflammation

The role of inflammation in AD pathogenesis was first suggested more than 20 years ago. Microglia,
astrocytes, cytokines, and chemokines play a central role in disease pathogenesis since early phases [45,150].
Furthermore, amyloid and tau accumulation is linked to neuroinflammation [46,49,50,151], and Aβ

accumulation evokes an exaggerated or heightened microglial response inducing and amplifying
inflammatory reactions [152]. Therefore, biomarkers of neuroinflammation are gaining momentum
in preclinical stages of AD and are useful to establish the eligibility of patients into new clinical
trials [153–156].

A potential biomarker of neuroinflammation is the microglia/astrocyte-expressed protein YKL-40.
YKL-40 is 45 a glycoprotein belonging to the family of 18 glycosyl hydrolases, and it is alternatively
named human cartilage glycoprotein-39 (HC gp-39) or chitinase-3-like-1 protein (CHI3L1) [157].
CSF YKL-40 concentration is able to differentiate patients with typical AD dementia from cognitively
normal controls with fair diagnostic accuracy [158,159]. Limited data regarding the ability of CSF
YKL-40 to discriminate different NDDs are available so far. Actually, CSF YKL-40 differentiated AD
from DLB, PD [160], FTLD [161], and non-AD MCI [162] with only a moderate diagnostic accuracy.
Furthermore, CSF YKL-40 concentration is higher in AD versus Aβ-positive MCI subjects [163], and it
significantly increases over time in the former (Table 2) [163]. CSF YKL-40 showed no ability in
differentiating stable and progressing MCI [164,165], although it may predict progression to overt
dementia in MCI [165] (Table 2). CSF YKL-40 levels negatively correlated with cortical thickness in
specific AD-vulnerable areas, such as middle and inferior temporal areas in Aβ42-positive subjects [166]
and grey matter volume in APOE ε4 carriers [167]. Interestingly, a positive association between CSF
YKL-40 and t-tau has been reported in asymptomatic preclinical stages of AD and other NDDs [110,168],
thus suggesting a link of YKL-40 with an underlying tau-driven neurodegenerative mechanisms [169].

YKL-40 has also been investigated in plasma, and elevated levels have been reported in patients
with mild AD [170] and early AD [171] compared with controls. Unfortunately, plasma YKL-40
did not, so far, demonstrate utility as a diagnostic biomarker and for predicting cognitive decline
(Table 2) [170,172]. To sum up, YKL-40 is an unspecific pathophysiological biomarker tracking
immune/inflammatory response in NDDs, and it could be helpful as a monitoring biomarker for
targeted anti-inflammatory therapies [169].

Another emerging biomarker of inflammation is “Triggering Receptor Expressed on Myeloid
cells 2” (TREM2). TREM2 receptors play an important role in the pathogenesis of AD [173]. In the
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early stages of AD, TREM2 seems to be upregulated, probably in a protective intent [174]. However,
due to the activation of inflammatory response, a detrimental role may prevail in later stages [175].
Some TREM2 genetic variants are related to AD possibly impairing microglia Aβ phagocytic ability
and reducing, as a consequence, the cerebral Aß peptides clearance [167]. TREM2 has been proposed
as AD biomarker in CSF, but with conflicting results so far. Some studies found higher CSF levels of
TREM2 in AD [176–179] and MCI [176] compared to controls, and in subjects with MCI due to AD
(or prodromal AD) compared with preclinical AD and AD dementia patients (Table 2) [179]. However,
another study showed no difference between AD or MCI patients and cognitively normal controls [180].
A link between high CSF TREM2 value and neurodegeneration was proposed in MCI, considering that
it positively correlated with gray matter volume and a negative correlation with mean diffusivity was
detected [181]. Higher levels of TREM2 mRNA and TREM2 protein expressed in peripheral blood
mononuclear cells were identified in AD patients compared to controls, with an inverse correlation with
MMSE [182]. Moreover, TREM2 gene expression was found to be higher in MCI than AD patients [183].
Finally, a possible role of TREM2 as CSF and blood biomarker for AD has been suggested, but few data
are currently available, and additional research is needed.

Another interesting candidate inflammatory biomarker is the monocyte chemoattractant protein-1
(MCP-1), which is a member of the C-C chemokine family and a potent chemotactic factor for
monocytes [184]. Elevated CSF MCP-1 levels were found in AD patients compared to controls [185].
Noteworthy, also in blood, MCP-1 could be higher in MCI subjects than in controls [185].

Several other inflammatory biomarkers in CSF and blood have been investigated for their potential
use as biomarkers for AD. A large metanalysis exploring inflammatory biomarkers in CSF demonstrated
that AD patients could express higher levels of TGF-β compared with controls [350 Molievo]. TGF-ß1 is
a neurotrophic, anti-inflammatory factor, and it enhances Aβ clearance by microglia activation. Since the
early phases of disease, a reduced expression of TGF-ß has been described both in postmortem AD
studies [186,187] and in animal models [188–190]. Two recently published meta-analyses investigating
inflammatory biomarkers in blood reported an elevated tumor necrosis factor (TNF)-α, IL-12 [191],
IL-1β, IL-2, IL-6, IL-18 [191,192], and reduced IL-1 receptor antagonist concentration in AD patients
compared with controls. Mounting data about IL-6 as an AD biomarker are available. Blood IL-6 levels
are associated with severity of cognitive decline in AD [193] and positively correlated with the cerebral
ventricular volumes [194] and with matched CSF samples [195]. Blood IL-6 concentration was even
higher in MCI individuals [135], suggesting that this biomarker is altered also in prodromal AD stages.

8. Biomarkers for Synaptic Dysfunction

Synaptic dysfunction is a core feature of AD, occurring early in the disease course. Synaptic density
is strictly correlated with cognitive impairment and with Aβ and tau accumulation in AD,
thus suggesting a central role in the underlying neurodegenerative process [196]. Based on these
observations, several synaptic proteins have been investigated as potential diagnostic and prognostic
biomarkers in AD. These include the quite well-characterized Neurogranin (Ng) and other emerging
biomarkers such as Synaptosomal-Associated Protein 25 (SNAP-25), Synaptotagmin 1 and 2 (SYT-1
and SYT-2), Neuropentraxin 2 (NPTX-2), and Growth Associated Protein 43 (GAP-43) [197,198].

Ng is a post-synaptic protein largely expressed in the excitatory neurons of the hippocampus
and cerebral cortex that acts as a calcium-sensitive modulator of post-synaptic signaling pathways
and of long-term potentiation (LTP) [199]. Two recently published meta-analyses reported higher
CSF Ng levels in AD compared to MCI and normal controls, thus supporting a role of CSF Ng as a
useful diagnostic tool (Table 2) [200,201]. In particular, Ng reported good or even optimal diagnostic
accuracy in differentiating AD patients with a full-blown clinical picture from cognitively normal
subjects [202]. However, CSF Ng concentration discriminates between stable and converting MCI with
poor diagnostic accuracy [200,201,203]. As regards its prognostic value, higher baseline CSF Ng levels
are detected in controls and in MCI subjects who will convert to AD compared to non-converters,
indicating a role of Ng in predicting progression to AD dementia in both cognitively normal [204]
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and MCI individuals (Table 2) [205,206]. CSF Ng could be also a reliable biomarker in the diagnostic
workup of dementia being specifically more elevated in AD than non-AD dementias (FTD, DLB,
but also VaD) [168,207–210]. Intriguingly, CSF Ng levels are high in AD patients with a typical amnesic
phenotype, suggesting its role in the stratification and identification of AD subtypes, as a selective
indicator of hippocampal degeneration [207]. In addition to Ng, other synaptic proteins have been
explored as candidate biomarkers for AD. In particular, SNAP-25, a pre-synaptic protein involved in
vesicle docking and neurotransmitter release, showed good accuracy in differentiating AD and MCI
from normal controls (Table 2) [211–213]. Furthermore, high baseline CSF SNAP-25 levels predict
future conversion to AD in MCI individuals [212]. Other pre-synaptic proteins such as SYT-1, SYT-2,
NPTX-2, and GAP-43 are candidate as biomarkers to differentiate AD, MCI, and cognitive normal
controls [197,213]. Importantly, an inverse correlation between CSF and neuron-derived plasma
exosomes (NDE) levels of Ng, SYT-2, and GAP-43 has been observed [200,214]. Even if these results
would deserve further supporting evidence, NDE may represent a window on the early synaptic
dysfunction in AD and pave the way to a minimally invasive assessment (blood sample) of synaptic
biomarkers in cognitively impaired and unimpaired subjects.

9. Biomarkers of Neuronal Injury

NFL is a subunit of neurofilaments that are neural cytoplasmic proteins designated to the structural
stability of neurons; they are present in dendrites, soma, and also in axons. Axons physiologically release
a low amount of NFL proteins that increase with aging [215]. The concentration of NFL significantly
increases in both CSF and in blood as a result of axonal injury or neurodegeneration [216–219]. NFL in
CSF is usually measured by sandwich ELISA technology. On the contrary, blood NFL concentration
is 40-fold lower than in CSF, and it is below the sensitivity of ELISA or electrochemiluminescence
assay technology [215]. Promising results came from recently developed ultrasensitive techniques
capable of detecting even low concentrations of NFL in blood (Simoa) [220]. Despite being a
sensitive biomarker of axonal injury, NFL is unspecific and did not discriminate between neurological
diseases with a similar rate of axonal loss. However, growing data showed that CSF and, above
all, blood NFL identifies neurodegeneration from early stages [215]. Indeed, NFL (CSF and
blood) showed a good diagnostic accuracy in differentiating AD and FTD from healthy controls
(Table 3) [128,129,131,208,221,222]. According to these results, a possible context-of-use of this
biomarker is to rule out neurodegeneration in mimics such as psychiatric disturbances, or to early
detect, within screening programs, the neurodegenerative process in a specific population at high
risk (e.g., diabetes, elderly, genetic mutation carriers). Increased blood NFL concentration could also
help clinicians to proceed or not with more invasive and expensive examinations in individuals with
subjective memory complaints [215]. Moreover, CSF NFL but not t-tau, p-tau, and Ng might be a
reliable risk biomarker being associated with a threefold higher risk to develop MCI over a median
follow-up of 3.8 years in a population of cognitively healthy individuals [223]. CSF [224,225] and
blood [128,226,227] NFL tightly correlated each other and with disease severity. In this regard, in a
prospective case-control study including normal controls, MCI, and AD dementia patients, plasma NFL
correlated with CSF NFL, poor cognition, cerebral atrophy, and brain hypometabolism [128].

Serum NFL concentration correlated with the estimated years to symptom onset and disease
severity in autosomal dominant AD mutation carriers, suggesting its possible role as a risk biomarker
in subjects with autosomal genetic mutations for AD (Table 3) [227]. Promising data concern the
role of NFL in the differential diagnosis between FTD and AD. Actually, CSF NFL is higher in FTD
patients compared to early onset AD, and the addition of NFL analysis improves the diagnostic
accuracy of the traditional core biomarkers (p-tau181 and Aß42) up to a sensitivity of 86% and a
specificity of 100% [228]. Similar findings were also reported in an autopsy-confirmed AD and FTD
study (Table 3) [229]. Moreover, serum NFL could help in the differentiation of Primary Progressive
Aphasia (PPA) variants. Indeed, serum NFL is increased in PPA compared to controls and discriminates
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between nfvPPA/svPPA (with a more likely FTD pathology) and lvPPA (where an AD pathology is
expected in more than 50% of cases) with 81% and 67% of sensitivity and specificity, respectively [230].

Visinin-like protein 1 (VILIP-1) is emerging as a surrogate of signaling disruption and neuronal
injury. VILIP-1 is a neuronal calcium sensor protein involved in signaling pathways related to synaptic
plasticity [231]. A high intracellular concentration of Ca2+ induces the reversible translocation of
VILIP-1 to the membrane components of the cell modulating signaling cascade in the neurons via
the activation of specific membrane-bound targets [232]. The dysregulation of Ca2+ homeostasis is
involved in AD neurodegeneration, bringing to a reduced intracellular expression of VILIP-1 and a
quite selective damage of VILIP-1-containing neurons (cortical pyramidal cells, interneurons, septal,
subthalamic, and hippocampal neurons) [232]. Therefore, this biomarker significantly increases in
CSF [231]. Since VILIP-1 contributes to an altered Ca2+ homeostasis leading to neuronal loss [232],
it is mainly considered a biomarker of neuronal injury. CSF VILIP-1 is higher in AD than in controls,
but its diagnostic accuracy remains limited, especially in the prodromal stage (Table 2) [115,233,234].
Although VILIP-1 tightly correlated with p-tau and t-tau in CSF, conflicting results concern its
relationship with Aß peptides [235,236]. CSF VILIP-1 and the VILIP-1/Aβ-42 ratio negatively correlate
with MMSE and with the cerebral amyloid load, and they may predict a cognitive decline over
time [233,234,236–240].

10. Toward Alternative Pathophysiological Pathways and Novel Matrices

The research on novel putative biomarkers in AD recently focused on two main directions:
the exploration of new still under-characterized pathophysiological pathways, including mixed
neuropathology models, and the identification of alternative easily accessible matrices.

TAR DNA-binding protein 43 (TDP43) is a DNA and RNA binding protein involved in transcription
and splicing. TDP-43 contributes to neuroinflammation and may play a role in mitochondrial and
neural dysfunction. In ALS and FTLD, its hyperphosphorylated and/or ubiquitinated cytoplasmic
inclusions are detected [241,242] but also 20–50% of AD patients may show concomitant TDP-43
pathology [243–245]. Interestingly, TDP-43 pathology can be triggered by Aβ peptides [244]. In AD,
increased plasma TDP-43 levels have been found compared to normal controls [246]; furthermore,
plasma levels were increased also in the preclinical stage of subjects who subsequently progressed to
AD dementia [247]. However, the evidence of a diagnostic and prognostic role of TDP-43 in AD is
currently quite limited as well as its role in differentiating AD from other dementia mainly involving
the hippocampus and memory (e.g., LATE) [22].

Lewy-related pathology (LRP), primarily consisting of α-synuclein (α-syn) aggregates, has been
detected in more than half of autopsied AD brains, and higher levels of α-syn in the CSF of patients
with MCI and AD have been associated with AD pathology and cognitive decline [248,249]. Moreover,
CSF total α-syn (t-α-syn) and oligomeric α-synuclein (o-α-syn) levels were higher in AD [250]
compared to PD, PD dementia and DLB individuals [251,252]. The use of standard ELISA methods
to assess CSF α-syn levels does not ensure good diagnostic accuracy in discriminating AD from
synucleinopathies [250]. Nevertheless, RT-QuIC [253] and protein misfolding cyclic amplification
(PMCA) [254] are promising tools to identify AD individuals with α-syn co-pathology. Furthermore,
growing interest toward the evaluation of α-syn heterocomplexes with Aβ1–42 (α-syn/Aβ) or tau
(α-syn/tau) measured in red blood cells (RBCs) as peripheral pathophysiological markers of NDDs has
been displayed [254]. Despite both α-syn alone, α-syn/Aβ and α-syn/tau heteroaggregates being found
lower in AD compared to cognitive normal controls when isolated from red blood cells (RBC), only RBC
α-syn/Aβ and α-syn/tau heterodimers discriminated AD from controls with fair accuracy [254].

Exploring alternative easily accessible matrices as a source of putative biomarkers is another key
point of the search for novel fluid biomarkers. In this frame, exosomes represent an innovative and
promising non-invasive tool to track early neurodegenerative changes occurring within the central
nervous system. Exosomes are vesicles containing potential biomarkers for NDDs released into the
extracellular space (that can be isolated from several body fluids) [243,254]. Proteins reflecting key
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events of the neurodegenerative process have been isolated in exosomes extracted from CSF and blood
by using proteomic analysis [244–246]; in particular, p-tau was isolated in CSF exosomes from patients
with mild AD (Braak stage 3) [247], and increased levels of exosomes-associated tau and Aβ were found
in AD patients compared to controls [248]. Finally, other easily accessible matrices such as the retina
may represent an open window on early neurodegenerative events in AD [249]. Amyloid pathology
was demonstrated in the retina, and high-resolution non-invasive retinal imaging [47–51] represents
an in vivo approach for visualizing Aβ deposits [250–252]. Indeed, retinal Aβ accumulation positively
correlated with cerebral amyloid plaques [8]. Furthermore, decreased flow velocities in the retinal
central veins were found in both MCI and AD compared to controls, thus suggesting a strict correlation
with the underlying early neurodegenerative changes [253]. However, this field of research remains in
its pathfinding stages, and a consensus on retinal imaging modalities, methodologies, and measures is
still missing [253].

11. Conclusions

Recent research efforts are expanding the array of biomarkers on detecting and stratifying NDDs.
Since 2007, fluid biomarkers have been reported within the diagnostic criteria of AD. In particular,
Aß42 peptide, p-tau, and t-tau proteins measured in CSF became essential for a “modern” AD definition.
The conceptual shift from a phenotype to a biomarker-based (or a precision medicine) diagnostic
approach allowed the inclusion of the atypical subtypes within the AD spectrum and the exclusion of
AD-mimics. For instance, patients with early and predominant behavioral impairment but positive for
core pathophysiological biomarkers are categorized as AD and not as FTD. By contrast, individuals
showing cognitive impairment of the hippocampal type but negative for core biomarkers are not
considered AD. Definitely, the identification of a specific pathophysiological process in vivo by one or
more biomarkers prevails on clinical phenotype. Unfortunately, validated fluid biomarkers used for
AD diagnosis are invasive, time-consuming, expensive, not easily repeatable and, most importantly,
not applicable as screening tools in large asymptomatic populations. On the other hand, the preclinical or
prodromal identification of AD is urgent for patient recruitment in future disease-modifying treatments.
This is an “expert” opinion based on the current literature, reporting the diagnostic and prognostic value
of fluid biomarkers in AD. Five candidate molecules—three in plasma measured using ultrasensitive
techniques (Aβ peptides, p-tau, and NFL proteins) and two in CSF (Ng and YKL-40)—with different
potential context-of-use (Table 2) may be proposed. These molecules may enrich the current array of
fluid biomarkers—CSF Aβ42, t-tau, and p-tau—for a more precise management of AD, and, broadly
speaking, NDDs. These biomarkers are useful to both classify patients in different diagnostic categories
and to track the pathophysiological mechanisms underlying neurodegeneration. The blood biomarkers
(Aβ peptides, p-tau, NFL) are probably not more accurate than the respective molecules measured in
CSF. However, they may be easily repeated over time, proposed in screening programs, and monitor
treatments in disease-modifying trials. On the other hand, CSF YKL-40 and Ng are proxies of additional
pathophysiological mechanisms related to AD, namely neuroinflammation and synaptic disruption,
that cannot be efficiently evaluated with peripheral blood biomarkers. Therefore, CSF YKL-40 and Ng
may be used in a subsequent diagnostic step to better stratify patients with prodromal or definite AD.

Plasma p-tau is increased in AD patients compared to controls and MCI individuals, discriminating
AD demented patients from both cognitively unimpaired subjects and other NDDs with optimal
diagnostic accuracy [91]. In several recent studies from different research groups, its classificatory
accuracy surprisingly overlaps with cerebral amyloid-PET [90,124]. Moreover, plasma p-tau predicts
a future cognitive decline over time [91]. Therefore, plasma p-tau, being easily repeatable, could be
proposed in screening, diagnostic, prognostic, and monitoring context-of-uses. Simoa is the
ultrasensitive technique used with more successful results across the studies on plasma p-tau so far.
Of course, additional studies are needed. In addition, plasma t-tau concentration correlated with
future cognitive decline, increased atrophy rates measured by MRI, and cerebral hypometabolism in
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FDG-PET images, but the results are less convincing and charted overlapping values among AD with
dementia, prodromal, and preclinical AD groups [148].

Plasma Aβ peptides may represent a further significant improvement to facilitate the in vivo
detection of amyloid pathology, substituting traditional core CSF biomarkers in next years.
The combination of CSF traditional biomarkers (e.g., Aβ1–42/Aβ1–40 ratio, t-tau/Aβ1–42, and p-tau/Aβ1–42

ratios) can improve the diagnostic accuracy as well as the prediction of cognitive decline in AD patients.
Similarly, the combination of plasma and serum biomarkers into ratios may increase the diagnostic
power, although further evidence is needed [109,133]. Mounting data revealed that a low plasma Aβ1–42

and Aβ1–42/Aβ1–40 ratio are quite specific of AD pathology, although the concordance with cerebral
amyloid-PET examination is variable and should be carefully evaluated in future studies [75,92,120].
In brief, further investigations should clarify in larger prospective studies: (1) the more accurate
method to detect Aβ peptides and related by-products in plasma, (2) the pathophysiological role of
plasma Aβ peptides and Aβ oligomers, and (3) their diagnostic and prognostic value as biomarker
of AD.

NFL is mainly a marker of axonal degeneration and considered an unspecific indicator of
neurodegeneration. Importantly, CSF and plasma NFL strictly correlated in all studies, suggesting
that plasma NFL would be a reliable peripheral biomarker consistently reflecting modifications within
the CNS. Indeed, many studies on NDDs demonstrated that diagnostic and prognostic accuracies
of plasma and CSF NFL overlap [254]. NFL is a good example as a versatile biomarker for multiple
context-of-use. It is useful to differentiate NDDs from mimics such as psychiatric disturbances or
to early detect neurodegenerative processes in particular populations at risk (e.g., diabetes, elderly,
genetic mutation carriers). NFL values were associated with a threefold higher risk to develop MCI,
demonstrating a potential prognostic value [128,226,227]. Finally, the negative predictive value of
plasma NFL might be used as a first step in screening programs for neurodegeneration, involving
individuals with subjective memory complaints and late-onset psychiatric disorders. Concerning AD,
plasma NFL showed a promising role in differentiating AD from bvFTD patients. It is likely that bvFTD
individuals with an underlying TDP-43 pathology (related to amyotrophic lateral sclerosis) reported
significantly higher plasma NFL value than AD subjects. Plasma NFL could early discriminate AD from
more aggressive neurodegenerative dementia such as CJD [244]. Simoa was the only ultrasensitive
technique used to measure plasma NFL in AD studies.

An increasing number of studies are focused on the development of precise biomarkers tracking
additional key pathophysiological pathways leading to neurodegeneration, such as synaptic disruption
and neuroinflammation. The pre-synaptic protein Ng measured in CSF is the most promising
indicator of a synaptic dysfunction and hippocampal damage [202]. It could help stratify patients
suffering from NDDs involving the hippocampus, including AD but also hippocampal sclerosis, LATE,
and PART. LATE and PART have been recently defined in postmortem examinations, but in vivo
diagnostic biomarkers are needed. CSF Ng could be also used as predictive indicator of an
anticholinesterasic treatment response in patients showing a prevalent hippocampal impairment
(typical AD phenotype, etc.) [200,201,205,206]. CSF Ng demonstrated from good to optimal diagnostic
accuracy in discriminating AD dementia patients from the control group and a reliable prognostic
value for AD conversion in MCI individuals.

Growing data reported an abnormal neuroinflammatory response in AD. Currently, CSF YKL-40 is
the most promising fluid biomarker of glia activation, and it has been extensively investigated in other
NDDs as well. Neuroinflammation is a common pathway of several NDDs, and not surprisingly, YKL-40
is an unspecific biomarker. This biomarker could be helpful in monitoring tailored anti-inflammatory
trials in AD. Studies exploring a possible correlation between CSF YKL-40 concentration and cerebral
inflammatory tracer as the translocator protein (TSPO)-PET uptake could clarify the role of this fluid
biomarker as an indicator of neuroinflammation. CSF YKL-40 showed a fair diagnostic accuracy to
discriminate AD patients from the control group and other neurodegenerative dementias. YKL-40 also
reported a certain predictive value for MCI-AD progression.

125



J. Pers. Med. 2020, 10, 221

In summary, we found that reliable fluid biomarkers might track three out of four of the main
pathophysiological pathways of AD (Figure 1). The concentration in different biofluids of Aβ peptides
and p-tau proteins reflect the cerebral misfolded protein deposition in AD. Moreover, plasma NFL might
help the early identification of a general neurodegenerative process independently from the specific
pathology. The diffusion of ultrasensitive techniques in the last few years is radically revolutionizing
the context-of-use of these biomarkers in AD. The possibility to measure biomarkers in blood opens a
completely novel scenario for the detection of multiple neurodegenerative mechanisms with a low
cost and minimally invasive examination. This should encourage the development of screening tools
in selected populations and improve the monitoring of disease-modifying trials. Of note, validated
surrogates of co-pathologies such as α-syn and TDP-43 protein accumulation are currently not available
as well as of cerebrovascular impairment. Finally, YKL-40 and Ng measured in CSF are promising
proxies of neuroinflammation and synaptic disruption, respectively.

The studies described have several shortcomings. Many investigations reported different
inclusion criteria and sometimes, they were not biomarker-based. Moreover, there is frequently
a lack of data about comorbidities, especially cerebrovascular burden, contemporary pharmacological
treatments, or stratification for age, gender, and genetic profiles [53]. Hepatic and kidney dysfunctions
may impact biomarker levels as well as modifications of blood cell counts and plasma protein
composition [67]. Nonetheless, these variables were not systematically considered, thus constituting a
possible methodological bias, since individuals with AD present relevant vascular comorbidities.

From the prospective of a precision medicine approach, increasing attention is paid to find
biomarkers associated to pathogenic pathways leading to neurodegeneration. The contemporary use
of multiple biomarkers can help dissect the pathological mechanisms dynamically acting in space and
time providing an accurate stratification of AD population.

AD is more a spectrum of different pathological mechanisms that brings a loss of proteostasis,
which is the accumulation of several misfolded and aggregated proteins in multiple combinations
rather than a single entity. Advanced statistical analysis, including unsupervised clustering
strategies, combining clinical, biomarkers, and genetic data to collect subjects from large diversified
cohorts into consistent clusters might be an innovative representation of AD [6] and other
NDDs [254] and significantly contribute to the discovery of causes and tailored treatments.
Novel data-driven classifications based on quantitative measurements of biomarkers and clinical
information (e.g., standardized clinical scores) could improve the identification of effective and
personalized therapies [253,254]. In conclusion, we assume that the identification and inclusion of
AD patients in disease-modifying trials will be soon changed, mainly based on the demonstration of
specific pathophysiological mechanisms and minimally influenced by phenotypes.
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Abstract: The present study aimed to describe and discuss the state of the art of biomarker use in
ongoing Alzheimer’s disease (AD) research. A review of 222 ongoing phase 1, 2, 3, and 4 protocols
registered in the clinicaltrials.gov database was performed. All the trials (i) enrolling subjects with
clinical disturbances and/or preclinical diagnoses falling within the AD continuum; and (ii) testing
the efficacy and/or safety/tolerability of a therapeutic intervention, were analyzed. The use of
biomarkers of amyloid deposition, tau pathology, and neurodegeneration among the eligibility
criteria and/or study outcomes was assessed. Overall, 58.2% of ongoing interventional studies on AD
adopt candidate biomarkers. They are mostly adopted by studies at the preliminary stages of the
drug development process to explore the safety profile of novel therapies, and to provide evidence
of target engagement and disease-modifying properties. The biologically supported selection of
participants is mostly based on biomarkers of amyloid deposition, whereas the use of biomarkers as
study outcomes mostly relies on markers of neurodegeneration. Biomarkers play an important role
in the design and conduction of research protocols targeting AD. Nevertheless, their clinical validity,
utility, and cost-effectiveness in the “real world” remain to be clarified.

Keywords: Alzheimer’s disease; biomarkers; drug development; clinical trials; diagnostic research

1. Introduction

In the last few decades, the notion of Alzheimer’s disease (AD) has substantially changed.
The enhanced understanding of the underlying neuropathophysiological mechanisms has supported
a gradual shift from a clinical-pathological conception of AD [1] to a more biology-oriented
framework [2,3].

The progressive evolution of the AD construct has been mainly sustained by the identification of
key biomarkers of the AD neuropathological process [4]. According to the latest research definition,
AD can be diagnosed in vivo, independently of cognitive manifestations, by the means of biomarkers
reflecting β-amyloid deposition, tau pathology, and neurodegeneration [3]. Although their use
is currently recommended only for research purposes [3,5], biomarkers are increasingly used in
specialist clinical settings [6,7]. Nevertheless, some concerns and methodological shortcomings
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still affect the use of candidate AD biomarkers in routine clinical care. First, their clinical validity
and utility have not yet been fully proven, and inconclusive evidence exists about their analytical
validity [8]. Moreover, the lifetime risk of dementia among individuals with positive AD biomarkers
varies considerably. In this regard, it is estimated that most persons affected by preclinical AD based
on abnormal biomarker status will not develop dementia in their lifetimes [9]. Furthermore, they are
either expensive, invasive, or both.

Biomarkers often play an important role in the design and conduction of research protocols
targeting AD [10]. They may improve the selection of participants and render more biologically
homogeneous the sampled populations. Moreover, their use may help demonstrating target
engagement by tested intervention, providing evidence on disease modification, informing analytic
stratification, and monitoring adverse effects [10]. At the same time, the sustainability of biomarker’s
translation into care models and the generalizability (i.e., transferability) of interventions to the
“real world” should always be taken into account [11].

In the present study, we describe and discuss the state of the art of biomarker use in AD
research by reviewing the ongoing protocols registered in the clinicaltrials.gov database, updating and
extending previous analyses on the topic [12]. In particular, we focus on the adoption of candidate
biomarkers of amyloid deposition, tau pathology, and neurodegeneration as (i) eligibility criteria;
and (ii) study outcomes. This analysis may inform how AD biomarkers are currently adopted in the
drug development process, shedding a light on potential methodological, clinical, and ethical issues.
Moreover, this approach may provide useful insights into a public health perspective considering
that AD biomarkers and diagnostic procedures tested in research protocols will likely be increasingly
translated in the daily practice to support clinical activities (e.g., risk prediction [13]) and regulatory
decisions (e.g., drug accessibility and reimbursability [14]).

2. Materials and Methods

2.1. Data Source and Search Strategy

Clinicaltrials.gov was used as the reference source for the present study. Clinicaltrials.gov is an
online database provided by the U.S. National Library of Medicine, which collects information from
clinical studies that are conducted worldwide on a wide range of diseases and conditions.

The database was explored on 10 May 2020, by using the following terms and fields in the
advanced search function: “Alzheimer” [CONDITION OR DISEASE] AND “interventional studies
(clinical trials)” [STUDY TYPE] AND (“not yet recruiting” OR “recruiting” OR “enrolling by invitation”
OR “active, not recruiting”) [STATUS: RECRUITMENT] AND (“phase 1” OR “phase 2” OR “phase 3”
OR “phase 4”) [PHASE]. No restriction on age, sex, date, and location was applied.

Two authors (M.V. and G.R.) independently screened the resulting records and assessed their
adherence to the following inclusion criteria:

i) Enrolling subjects with clinical disturbances and/or preclinical diagnoses falling within the
AD continuum (i.e., preclinical AD, subjective cognitive decline, mild cognitive impairment,
prodromal AD, and AD dementia) [3];

ii) Testing the efficacy and/or safety/tolerability of a therapeutic (both pharmacological and
non-pharmacological) intervention.

Thus, trials enrolling participants with non-AD dementias or healthy volunteers, and primarily
aiming at investigating diagnostic procedures (e.g., a novel neuroimaging technique) were excluded.

The flow chart presented in Figure 1 shows the process of protocols selection.
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Figure 1. Flow-chart of protocols’ selection.

2.2. Data Extraction

Two reviewers (M.V. and G.R.) independently extracted the following data from the selected
protocols: NCT number; phase; status; study design; expected end date; sponsor; target condition;
intervention; mechanism of action; primary and secondary outcome measure (s); planned number
of participants. The use of the following AD biomarkers among the eligibility criteria and/or study
outcomes was also assessed according to the AT (N) biomarker grouping [3]:

- A, amyloid deposition: (i) low cerebrospinal fluid (CSF) Aβ42 or Aβ42/Aβ40 ratio; and (ii) positive
amyloid positron emission tomography (PET) scan;

- T, tau pathology: (i) elevated CSF phospho-tau (p-tau); and (ii) positive tau PET scan;
- N, neurodegeneration: (i) atrophy on anatomic magnetic resonance imaging (MRI); (ii) elevated

CSF total tau (t-tau); and (iii) fluorodeoxyglucose (FDG) PET hypometabolism.
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Disagreements in the selection process and/or extraction of data were solved by consensus or by
involving two additional reviewers (M.C. and M.T.B.).

2.3. Data Analysis

Data were provided for two categories of protocols: (i) those using biomarkers in the selection
of participants; and (ii) those using biomarkers as study outcomes. These categories were partially
overlapping because some studies adopted biomarkers both as eligibility criteria and endpoints.
Percentages and median values were calculated to summarize the abstracted categorical and continuous
variables. Chi-square and median tests were used to compare the methodological characteristics
of protocols adopting versus non-adopting biomarkers to ascertain eligibility and/or as endpoints.
Statistical significance was set at p < 0.05.

3. Results

3.1. Search Results

A total of 222 protocols of phase 1, 2, 3, and 4 interventional studies were retrieved by the
structured search on clinicaltrials.gov. Sixty-four of them were subsequently excluded because they did
not fulfill the predefined set of inclusion criteria. Specifically, 39 studies were not testing therapeutic
interventions, but were evaluated novel diagnostic procedures. Moreover, 25 trials were recruiting
participants with clinical conditions not falling within the AD continuum (e.g., healthy volunteers,
patients with other neurodegenerative dementias). Thus, 158 protocols were ultimately included in the
analysis, as shown in Figure 1. A high agreement (>90%) was reported by the two reviewers involved
in the selection process.

3.2. Characteristics of Protocols Adopting Biomarkers

Overall, 92 out of the 158 identified interventional studies (58.2%) adopted candidate AD
biomarkers (Table 1). Compared with protocols not using biomarkers (n = 66), these studies
were more frequently in the earlier phases of drug development (i.e., phase 1 and 2), more
commonly aimed at evaluating the safety/tolerability of the tested interventions or their impact
on AD underlying pathophysiological mechanisms (e.g., amyloid deposition, tau pathology,
neuroinflammation), and almost exclusively focused on the assessment of pharmacological therapies
(Table 1). On the contrary, studies not adopting biomarkers mostly adopted cognitive, functional,
and neuropsychiatric measures as primary outcomes and were more commonly finalized at testing
non-pharmacological interventions.

A total of 27,566 participants will tentatively be enrolled in the 92 protocols using biomarkers,
with estimated sample sizes ranging between 12 and 2400 (median 120) subjects. These protocols are
mostly conducted in the U.S. and funded by the biopharma industry. Their reported starting dates vary
from November 2010 to January 2021, with completion dates indicated as ranging between December
2019 and August 2026. In the majority of studies, patients with overt AD dementia were indicated
as eligible for participation, whereas nearly 20% of protocols restricted participation to subjects with
preclinical or prodromal AD. Measures of clinical improvement were indicated as primary outcomes
by 41.3% of studies with biomarkers.

Concerning how biomarkers are planned to be used, 62 studies adopt biomarkers to ascertain the
eligibility of participants, 66 as study outcomes, whereas 36 both as inclusion criteria and endpoints.

The main characteristics of the ongoing protocols on AD using biomarkers are resumed in the
Supplementary Material.
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Table 1. Characteristics of the included protocols according to the adoption of biomarkers.

Adopting Biomarkers
(n = 92)

Non Adopting
Biomarkers (n = 66)

p

Participants per study (n) 120 (43–382) 133 (43–267) 0.77

Phases <0.01
Phase 1 and Phase 1–2 22 (23.9) 14 (21.2)
Phase 2 and Phase 2–3 52 (56.5) 24 (36.4)

Phase 3 15 (16.3) 18 (27.3)
Phase 4 3 (3.3) 10 (15.2)

Condition 0.21
Enrolling participants with AD dementia 74 (80.4) 58 (87.9)

Not enrolling participants with AD dementia 18 (19.6) 8 (12.1)

Main sponsor 0.12

Industry 56 (60.9) 32 (48.5)
Other 36 (39.1) 34 (51.5)

Primary outcome <0.001
Safety 33 (35.9) 17 (25.8)

Clinical improvement 38 (41.3) 47 (71.2)
AD biological change 21 (14.6) 2 (3.0)

Intervention 0.04
Pharmacological 87 (94.6) 56 (84.8)

Non-pharmacological 5 (5.4) 10 (15.2)

AD: Alzheimer’s disease; MCI: Mild cognitive impairment; SCD: Subjective cognitive decline. Data are shown as
median (IQR) or n (%).

3.3. Use of Biomarkers in the Selection of Participants

A total of 62 phase 1 (n = 7), phase 1–2 (n = 11), phase 2 (n = 26), phase 2–3 (n = 3), phase 3
(n = 14), and phase 4 (n = 1) studies are currently using AD biomarkers in the selection of participants.
Twenty-one studies are testing anti-amyloid therapies, 7 anti-tau compounds, and 34 novel treatments
with other mechanisms of action.

The biomarker-based criteria that is most commonly adopted to determine the eligibility of
participants in the selected protocols are a positive amyloid PET scan (72.6% of the protocols) and a low
CSF Aβ42 or Aβ42/Aβ40 ratio (48.4% of the protocols) (Figure 2). These two criteria are interchangeably
used in 21 studies (33.9%). No study requires the documentation of amyloid positivity at both the CSF
and PET assessment. CSF t-tau and p-tau levels, tau-PET, volumetric MRI, and FDG PET are instead less
commonly used. The biologically supported selection of participants is mostly based on biomarkers of
amyloid deposition (87.1% of the cases) rather than on those reflective of neurodegeneration (21.0%)
or tau pathology (9.7%). Few studies are using combinations of biomarkers, often simultaneously
measuring those indicative of amyloid deposition and neuronal injury (11.3% of the protocols) (Figure 2).
No statistically significant difference was found when comparing the biomarkers adopted by phase 1
and 2 studies versus phase 3 and 4 studies (data not shown).

Only 6 out of the 36 protocols adopting CSF measurements in the ascertainment of participants’
eligibility indicated the considered cut-points (Table 2). The majority of protocols performing amyloid
PET in the screening phase does not provide sufficient information about the adopted radiotracer
(e.g., florbetapir, florbetaben).
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Figure 2. Biomarkers adopted to ascertain eligibility in the selected protocols (n = 62) according to the
AT (N) grouping. Data are shown as %. A: aggregated Aβ or associated pathologic state; T: aggregated
tau (neurofibrillary tangles) or associated pathologic state; N: neurodegeneration or neuronal injury.
Colors refer to AT (N) biomarker grouping: blue: A; purple: T; orange: N.

Table 2. CSF cut-offs adopted in the six protocols with available information.

CSF Cut-Offs

NCT02547818 Aβ42 ≥ 180 pg/mL and ≤ 690 pg/mL

NCT02947893 Aβ42 < 600 ng/mL

NCT03061474 Aβ42 ≤ 600 pg/mL or t-tau/Aβ42 ratio ≥ 0.39

NCT03069014 Aβ42 < 550 ng/L or Aβ40/42 ratio < 0.89

NCT04079803 t-tau/Aβ42 ratio ≥ 0.28

NCT04191486 Aβ ≤ 1000 pg/mL and p-tau 181 ≥ 19 pg/mL

Values and measurement units are reported as specified in the protocols.

3.4. Use of Biomarkers as Study Outcomes

Overall, 66 phase 1 (n = 8), phase 1–2 (n = 9), phase 2 (n = 31), phase 2–3 (n = 7), phase 3
(n = 9), and phase 4 (n = 2) studies are using AD biomarkers as study outcomes. Eighteen of them are
testing anti-amyloid therapies, 3 anti-tau molecules, and 45 novel compounds with different biological
properties. Eight protocols indicate biomarkers as primary outcomes, 46 as secondary outcomes,
whereas 12 both as primary and secondary outcomes.

Changes of MRI or FDG PET findings are the most commonly adopted biomarker-based primary
endpoints, being selected by 5 out of the 20 studies using biomarkers as primary outcome measures
(Figure 3). Among protocols using biomarkers as secondary outcomes, the most frequently adopted
measures are brain MRI (56.9% of the studies), CSF t-tau (36.2%), Aβ42 or Aβ42/Aβ40 (34.5%), p-tau
(32.8%), and amyloid PET (31.0%). The use of biomarkers as study outcomes mostly relies on markers
of neurodegeneration (48.1% of the cases) rather than on those of amyloid (21.6%) and tau (21.6%)
pathology (Figure 3). In 21 studies, an ATN combination of biomarkers is adopted. No statistically
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significant difference was observed when comparing the biomarkers used as outcomes by phase 1 and
2 studies versus phase 3 and 4 studies (data not shown).
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Figure 3. Biomarkers adopted as primary or secondary outcomes in the selected protocols (n = 66)
according to the AT (N) grouping. Data are shown as %. A: aggregated Aβ or associated pathologic
state; T: aggregated tau (neurofibrillary tangles) or associated pathologic state; N: neurodegeneration
or neuronal injury. Colors refer to AT (N) biomarker grouping blue: A; purple: T; orange: N.

For the studies with biomarkers as primary outcomes, information on the sample size calculation
has never been provided.

3.5. Use of Biomarkers Both as Eligibility Criteria and Study Outcomes

A total of 36 phase 1 (n = 5), phase 1–2 (n = 8), phase 2 (n = 13), phase 2–3 (n = 2), and phase 3
(n = 8) studies are using AD biomarkers both in the selection of participants and as study outcomes.
These studies mostly include biomarkers of amyloid deposition among the eligibility criteria (91.7% of
studies) and biomarkers of amyloid pathology (75.0%) and/or neuronal injury (75.0%) as endpoints.

4. Conclusions

In the present study, we provided a snapshot of the current use of candidate biomarkers in
AD research protocols based on the data registered on the clinicaltrials.gov database. Overall, more
than half of ongoing interventional studies targeting the AD continuum are adopting measures of
amyloid deposition and/or tau pathology and/or neuronal injury. Biomarkers are used both for the
selection of participants and to ascertain the efficacy of the tested interventions. They are mostly
adopted by studies at the preliminary stages of the drug development process to explore the safety
profile of novel therapies, and to provide evidence of target engagement (e.g., receptor occupancy) and
disease-modifying properties. On the contrary, their use in trials primarily looking at improving the
clinical manifestations of the disease is still limited. Indeed, only nearly 40% of studies with biomarkers
adopted cognitive, functional, neuropsychiatric, and other clinical measures as their primary outcomes.

Based on our findings, a relevant number of clinical trials are incorporating measures of A to
refine the clinical diagnosis of AD in participating subjects with dementia. It is well-established that a
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sizeable proportion of individuals clinically diagnosed with AD dementia have amyloid biomarkers
incompatible with the diagnosis [15]. Patients with negative amyloid status tend to exhibit a slower
clinical progression over time as compared with patients with amyloid positivity at the CSF and/or
PET [15]. Introducing these procedures as enrichment tools can, therefore, allow to homogenize
study samples, reduce the heterogeneity in clinical outcomes, and increase the probability of detecting
drug-placebo differences. The same considerations can be extended to participants with mild cognitive
impairment (MCI) in whom the demonstration of underlying amyloid pathology reduces the chance of
observing alternative clinical trajectories (e.g., reversion to normal cognition) that may bias the study
findings and their interpretation [16].

Different reflections may instead be applied to the preclinical stages of AD. In fact, among
cognitively intact individuals, the detection of isolated amyloid positivity (or “Alzheimer’s pathological
change” [3]) is associated with a more considerable heterogeneity of clinical outcomes, thus complicating
the assessment of clinical endpoints. Moreover, most of the subjects testing positive for A biomarkers
will likely not exhibit a significant cognitive and functional worsening over time [9,17,18]. For instance,
it has been calculated that the lifetime risks of developing AD dementia of a 60-year-old man and a
60-year-old woman with amyloidosis are only 23% and 31%, respectively [9]. Therefore, there is the
risk of including in research protocols a disproportionate number of subjects who will never develop
the target condition, thus only exposing them to the risk of serious adverse events with an unfavorable
harm/benefit balance. For these reasons, it is fundamental to develop and implement appropriate and
ethical strategies of risk disclosure to avoid the misinterpretation of testing results and the generation
of adverse psychological reactions [19]. It is noteworthy that only a few studies combined biomarkers
of A and T in the selection of participants. Including measures of tau pathology is instead required to
determine if someone who is in the Alzheimer’s disease continuum has indeed AD [3], consequently
making more uniform the study populations and risk profiles of participants in clinical trials.

Other important considerations are raised concerning the use of biomarkers as screening tools in
clinical trials [20]. In particular, the “real world” transferability of interventions emerging as effective in
restricted samples of asymptomatic individuals with positive biomarkers will hardly be sustainable for
our healthcare systems. Pathological AD markers are very common (i.e., 46%) in representative samples
of older people [21], and it has been estimated that about 46.7 million Americans had preclinical AD
in 2017 [22]. So, how can we translate these procedures on such a large scale to identify candidates
for future disease-modifying treatments? Other controversies such as the standardization of CSF
cut-points, the interchangeability of PET radiotracers and CSF assays, and the agreement between
amyloid testing procedures remain to be addressed.

Candidate AD biomarkers are also frequently used as study outcomes. Specifically, measures of
neurodegeneration are often adopted as downstream biomarkers to provide objective evidence that a
drug ameliorates neurodegeneration. Indeed, the attenuation of the neurodegenerative process may be
demonstrated (or at least suggested) by changes in the rates of glucose metabolism in cortical neurons
(FDG PET), brain atrophy (volumetric MRI), and neuronal injury (CSF t-tau) [23]. N biomarkers
may, therefore, support disease modification if a drug–placebo difference is detected and coupled
with a similar clinical benefit [10,24,25]. It is noteworthy that, to date, no AD biomarker has yet
qualified as a surrogate endpoint [26], which is a measurement that substitutes for clinical endpoints
and is expected to predict clinical benefit [25]. Different to other areas of clinical neuroscience, such
as multiple sclerosis, no AD biomarker has been consistently associated with the clinical trajectory
of the disease, especially in its preclinical and prodromal stages [25]. Markers of amyloid and tau
pathology as outcome measures are instead mostly useful to demonstrate drug engagement. Especially
in the early phases of drug development, longitudinal CSF and PET measures of amyloid and tau
pathology may confirm that a given compound affects the target brain protein [10]. For instance,
several anti-Aβ monoclonal antibodies have shown a dose and time-dependent plaque reduction at
the amyloid imaging, reflecting target engagement [27].
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All these reflections on the use of biomarkers in AD research reinforce the need pursue their
thorough clinical validation, as various methodological issues still limit their translation in the daily
practice [8]. In particular, there is a lack of studies analyzing the distribution of biomarkers in healthy
subjects and their interindividual variability according to major clinical and biological characteristics
(e.g., age, sex, frailty) [28]. This information would be of great relevance in the promise of personalized
medicine approaches. Moreover, no candidate AD biomarker has yet passed all the phases on which
the architecture of diagnostic research is based [29].

The present study has some limitations to be mentioned and discussed. Our analysis cannot
constitute an exhaustive overview on the topic because there are other registries for clinical trials on
AD ongoing worldwide besides clinicaltrials.gov. Only a limited amount of information is available in
the registered protocols, making it challenging to achieve an unbiased analysis of the methodological
aspects of the studies. For example, in most of the selected protocols, brain MRI was simply mentioned
among the participant selection procedures to exclude non-AD diagnoses. However, we cannot
determine whether, in some cases, volumetric sequences were performed. This may have led to an
underestimation of results concerning the use of MRI as a biomarker of neurodegeneration. Moreover,
only the biomarkers incorporated in the AT (N) framework were considered. There is emerging
evidence that other measures may represent promising biomarkers to be used in clinical trials [10,25].

In conclusion, biomarkers are largely used in ongoing clinical trials targeting the AD continuum.
Their adoption may relevantly improve the selection of participants and the assessment of the
efficacy and safety/tolerability of novel treatments. Nevertheless, their use in drug development
must be accompanied by a demonstration of their clinical validity, utility, and cost-effectiveness in the
“real world”. Otherwise, there is a risk of an experimenting model of care and access to treatments that
are unsustainable for our healthcare systems.
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Abstract: Alzheimer’s disease (AD) is characterized by the accumulation of beta amyloid (Aβ) in
extracellular senile plaques and intracellular neurofibrillary tangles (NFTs) mainly consisting of
tau protein. Although the exact etiology of the disease remains elusive, accumulating evidence
highlights the key role of lipid rafts, as well as the endocytic pathways in amyloidogenic amyloid
precursor protein (APP) processing and AD pathogenesis. The combination of reduced Aβ42 levels
and increased phosphorylated tau protein levels in the cerebrospinal fluid (CSF) is the most well
established biomarker, along with Pittsburgh compound B and positron emission tomography
(PiB-PET) for amyloid imaging. However, their invasive nature, the cost, and their availability often
limit their use. In this context, an easily detectable marker for AD diagnosis even at preclinical
stages is highly needed. Flotillins, being hydrophobic proteins located in lipid rafts of intra- and
extracellular vesicles, are mainly involved in signal transduction and membrane–protein interactions.
Accumulating evidence highlights the emerging implication of flotillins in AD pathogenesis, by
affecting APP endocytosis and processing, Ca2+ homeostasis, mitochondrial dysfunction, neuronal
apoptosis, Aβ-induced neurotoxicity, and prion-like spreading of Aβ. Importantly, there is also
clinical evidence supporting their potential use as biomarker candidates for AD, due to reduced
serum and CSF levels that correlate with amyloid burden in AD patients compared with controls.
This review focuses on the emerging preclinical and clinical evidence on the role of flotillins in AD
pathogenesis, further addressing their potential usage as disease biomarkers.

Keywords: flotillin; Alzheimer’s disease; biomarker; exosomes; beta-amyloid; Tau

1. Introduction

Alzheimer’s disease (AD) is pathologically characterized by the accumulation of beta amyloid
(Aβ), a peptide of 40 or 42 amino acids, in extracellular senile plaques, as well as intracellular
neurofibrillary tangles (NFTs) mainly consisting of tau protein [1,2]. Aβ is generated by the sequential
cleavage of the transmembrane amyloid-β precursor protein (APP) via β- and γ-secretases [1]. It has
been shown that amyloidogenic APP processing mainly occurs in lipid rafts, which are caveolae-like
membrane microdomains enriched in sphingolipids, glycolipids, and cholesterol, serving as dynamic
platforms for signal transduction, protein trafficking, and clathrin-independent endocytosis [3,4]. Most
AD cases are sporadic, whereas a small percentage (1%–5%) of them are caused by mutations in genes
including APP, presenilin-1, and presenilin-2 [5]. Although the exact etiology and pathophysiological
mechanisms of AD remain elusive, growing preclinical and clinical evidence highlights the key role of
the homeostasis of lipid rafts and both intra- and extracellular vesicles in AD pathogenesis, even at
early stages of the disease [6].
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Currently, there is no easy and objective method available for early AD diagnosis. The combined
estimation of reduced Aβ42 levels and increased phosphorylated tau protein levels in the cerebrospinal
fluid (CSF) is the most well established biomarker for the diagnosis of the disease, along with Pittsburgh
compound B and positron emission tomography (PiB-PET) for amyloid imaging [7–9]. Although both
methods can relatively reliably detect AD at prosymptomatic stages [8,9], the lumbar puncture required
for CSF collection is an invasive procedure demanding specialized staff technical skills and cannot
be carried out in primary care settings [10]. On the other hand, PiB-PET is quite expensive and not
available worldwide. Specific patterns of various sets of plasma proteins or phospholipids have been
proposed as promising AD biomarkers by several studies, usually involving specialized experimental
procedures, such as mass spectrometry, or necessitating the measurement of multiple factors [7]. In
this context, an easily accessible and detectable marker with high sensitivity and specificity for AD
diagnosis, reflecting Aβ burden or underlying AD pathophysiological mechanisms even at preclinical
stages, is highly needed.

Flotillins are highly conserved hydrophobic myristoylated and palmitoylated proteins that belong
to the prohibitin (PHB) family [3]. They are located in the inner part of the plasma membrane and
play an essential role in the formation of lipid rafts [3,4]. Moreover, intracellular and extracellular
vesicles are enriched in flotillins, whose subcellular localization is constantly changing [3,4]. Flotillins
were first detected in the lung plasma membrane of mice, described as “float like a flotilla of ships
in the Triton-insoluble, buoyant fraction” [3], and since then they have been widely utilized as
markers of lipid rafts and exosomes for many years. In metazoans, there are two flotillin paralogues,
termed as flotillin-1/reggie-2 and flotillin-2/reggie-1. Within cells, flotillins form flotillin-1/flotillin-2
hetero-oligomers mediated by C-terminal interactions [11]. Their expression is particularly high in cell
types lacking caveolin, including neurons. Functionally, flotillins are implicated in various cellular
processes, including membrane–cytoskeletal interaction, membrane and vesicular trafficking, signal
transduction, axonal regeneration, cell migration, and clathrin-independent endocytosis. It has been
demonstrated that flotillins (mainly flotillin-1) are abundantly expressed in pyramidal neurons in the
cortex, as well as in the astrocytes of the white matter of normal human brain tissue [12]. Notably,
their levels have been shown to be higher in brain samples from non-demented patients with amyloid
plaques, subjects with Down syndrome (who overexpress APP), and AD patients compared with
non-demented individuals without amyloid plaques [12], suggesting a key role in AD pathogenesis.
Since then, several preclinical and human studies have investigated the implication of flotillins in AD
pathophysiology, also highlighting their potential as promising molecular biomarkers.

In this mini review, we summarize the emerging preclinical and clinical evidence on the role of
flotillins in AD pathogenesis, and discuss their potential usage as biomarker candidates (Figure 1) for
AD along with possible limitations.

2. The Role of Endocytic Pathway and Exosome Release in AD Pathogenesis

Abnormal APP processing, trafficking, and turnover are considered to play a major role in AD
pathogenesis [1]. Several studies indicate that amyloidogenic APP processing is predominantly carried
out in lipid rafts, since APP, Aβ, presenilin-1, β-secretase, and specific components of the γ-secretase
complex have been located in the membrane microdomains of neurons [13–17]. On the contrary,
non-amyloidogenic APP processing usually occurs in areas of the plasma membrane that are enriched
in phospholipids [18]. However, there is also evidence suggesting that amyloidogenic APP cleavage
may occur outside lipid rafts. In particular, membrane cholesterol reduction in hippocampal neuronal
cells from AD patients has been associated with enhanced β-site APP-cleaving enzyme 1 (BACE1)–APP
colocalization and increased Aβ load, implying that amyloidogenic APP processing may be carried
out in more fluid membrane domains [19]. In addition, depletion of the cholesterol-synthesizing
enzyme seladin-1 in mice has been shown to be related to decreased cholesterol levels, disrupted
cholesterol-rich detergent-resistant membrane domains (DRMs), displacement of BACE1 from DRMs
to membrane fractions containing APP, enhanced APP cleavage, and increased Aβ load [20]. It has
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been proposed that BACE1 in cholesterol-rich membrane domains could represent a relatively inactive
pool of the enzyme, which may be transferred to APP-containing domains under specific conditions.
Based on these contradictory findings, more studies are needed in order to clarify this issue. Aβ

can be produced by proteolytic cleavage of APP in the endoplasmic reticulum (ER) and trans-Golgi
network, resulting in the formation of secretory vesicles. Alternatively, after APP internalization it
can be directed from the plasma membrane into the endosomal system and subsequently targeted
to lysosomes [21,22]. Early endosomes are the first vesicles of endocytic pathway responsible for
APP endocytosis [23]. Internalization of APP into endosomes has been required for its cleavage by
BACE1 [24], which proteolyzes APP [25]. Aβ generated in early endosomes has been also shown to be
transported into late endosomes in a retrograde manner, leading to their fusion with cellular membrane
and subsequent extracellular secretion as exosomes [26]. Impaired APP endocytosis has been associated
with reduction in the secretion of Aβ in vitro [27], while abnormally enlarged endosomes have been
identified in early stages of sporadic AD [23]. Therefore, dysregulation of the endocytic pathway has
been implicated in AD pathophysiology, mainly by affecting APP processing and trafficking.

Exosomes are small membrane vesicles (20–120 nm in diameter) derived from endosomes
through the formation of multivesicular bodies, being able to transport their internalized content
into recipient cells, thus mainly contributing to cell-to-cell communication [28]. Exosomes can be
secreted by various cell types, including neurons, astrocytes, oligodendrocytes, and microglia in
the extracellular space and subsequently CSF, containing several kinds of cargos, including RNAs,
micro-RNAs, and proteins [29,30]. It has been suggested that exosomes may be involved in AD
pathogenesis by affecting Aβ metabolism and aggregation, as well as through tau-related molecular
mechanisms [31]. More specifically, in vitro evidence has indicated that neuron-derived exosomes
can bind to and promote conformational alterations in extracellular Aβ, leading to the formation of
nontoxic amyloid fibrils. They can also enhance Aβ clearance by microglia through the facilitation of
Aβ transportation to lysosomes for degradation [31]. Exosome secretion by neurons has been shown
to be regulated by enzymes involved in the metabolism of sphingolipids, such as sphingomyelin
synthase 2 (SMS2) and neutral sphingomyelinase 2 (nSMase2) [31]. Upregulation of exosome release
with SMS2 siRNA use has been associated with increased Aβ uptake by microglia and reduced levels
of extracellular Aβ in vitro [31]. In vivo evidence has revealed that exogenous intracerebral injection
of neuroblastoma-derived exosomes into APP transgenic mice led to decreased Aβ depositions and
Aβ-induced synaptotoxicity in their hippocampus [32]. In this study, glycosphingolipids (GSLs)
enriched with glycans, which are essential components of exosome membrane, have exerted a
contributing role in Aβ binding and internalization by the exosomes [32]. Notably, apart from Aβ,
exosomes also contain β- and γ-secretase complexes, full-length APP, as well as APP C-terminal
fragments (CTFs) in APP transgenic mice, highlighting their potential contribution to Aβ metabolism
in the brain [33]. Apart from their role in Aβ pathology, secretion of phosphorylated tau proteins has
been shown to be at least partially exosome-mediated in tauopathy models in vitro [34]. Moreover,
exosome-associated phosphorylated tau has been found released in the cerebrospinal fluid of AD
patients [34], further confirming the significant implication of exosomes in tau-related pathophysiology
in human AD. It has been also demonstrated that exosomes can attenuate the Aβ-mediated disruption
of synaptic plasticity in vivo [35]. Another study has shown that Aβ1–42 treatment inhibited exosome
release from astrocytes, as demonstrated by decreased flotillin levels in vitro, by inducing c-Jun
N-terminal kinase (JNK) signaling pathway [29]. Furthermore, exosomes, as Aβ carriers, have been
proposed to contribute to the prion-like spreading of Aβ aggregates in AD [5]. Collectively, these
findings reveal the key role of exosomes in AD pathogenesis by affecting Aβ pathology, tau-related
mechanisms, and Aβ-mediated neurotoxicity.
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3. The Role of Flotillin in AD Pathogenesis

3.1. Evidence from Human Studies

Several human studies support the potential implication of flotillin in AD pathogenesis. In this
regard, it has been indicated that flotillin accumulates in the endosomes of neurons of AD patients’
brains [36], possibly playing a key role in neuronal endosomal pathway. More specifically, flotillin-1
immunoreactivity has been shown to be higher in neurons bearing NFTs in the amygdala, hippocampus,
and isocortex of AD patients compared with controls [36], and flotillin-1 was found to be co-localized
with cathepsin-D, a lysosomal protease, indicating its contribution to lysosomal degradation [36]. Of
note, some neurons bearing NFTs did not contain flotillin-1, implying a possible secondary reduction
in synthesis of flotillin-1 in these cells [36]. Flotillin-1 has been also demonstrated to be highly enriched
in extracellular Aβ plaques and neurons bearing NFTs in brain specimens of AD patients compared
with PD patients and controls [4]. Furthermore, it has been reported that flotillin-positive extracellular
vesicles (EVs) isolated from the CSF and plasma of sporadic, late-onset AD patients contained an
increased amounts of Aβ42 in their external surface compared with age-matched neurologically
healthy controls, which could be internalized by cortical neurons and acted in a neurotoxic manner,
by impairing Ca2+ homeostasis, causing mitochondrial dysfunction, increasing the vulnerability of
neurons to excitotoxicity, and triggering neuronal apoptosis [37]. On the contrary, the EVs derived from
controls displayed no neurotoxic effects [37]. These effects were also observed in vivo in transgenic
APP and presenilin-1 mice, as well as in vitro in neural cells expressing presenilin-1 mutations of
familial AD [37]. It was also reported that impaired autophagy could enhance the release of EVs [37].
Of note, these flotillin-positive EV-mediated effects have been shown to be prevented via Aβ antibody
treatment, highlighting the essential role of Aβ in the EV-induced neurotoxicity [37]. Furthermore,
another study has demonstrated that flotillin-1-positive exosomes isolated from postmortem brain
sections of AD patients were highly enriched in toxic Aβ oligomers compared with healthy controls,
which could be transferred into recipient’s cultured neurons [38]. Disruption of the production, release,
or uptake of these exosomes was shown to attenuate the spreading of Aβ oligomers and Aβ-induced
neurotoxicity [38]. Furthermore, a neuropathological study in brain tissues from AD patients has also
reported that flotillins are also present in granulovacuolar degeneration (GVD) bodies [39], which
are basophilic perinuclear vacuoles accumulating in neurons of AD patients [40]. Moreover, it has
been indicated that levels of flotillin-2, along with other endocytic-associated proteins, were increased
in brain sections of older non-demented humans [41]. Given the fact that age is a significant risk
factor for AD development, these data further strengthen the potential contribution of flotillins in the
pathophysiology of AD. These findings suggest that flotillin-positive exosomes may play a key role in
AD pathogenesis and particularly, be implicated in the prion-like propagation of Aβ pathology in AD.

3.2. Evidence from In Vivo Models

In addition to human studies, a growing body of preclinical evidence demonstrates the key role of
flotillin in the pathogenesis of AD, shedding more light into the underlying molecular mechanisms
(Table 1).
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Table 1. In vitro and in vivo evidence about the role of flotillin in Alzheimer’s disease (AD).

S.N. Type of Study Main Findings Reference

1 In vitro
• Flotillin-1 directly interacted with the intracellular

domain of APP (AICD), and the residues 189-282 of
flotillin-1 were essential for this interaction

[42]

2 In vitro
• FKBP12 overexpression enhanced the amyloidogenic

APP processing, possibly by affecting the affinity of
AICD to flotillin-1

[43]

3 In vitro
• Flotillin-1 could stabilize LGI3, and LGI3/Flo1 complex

downregulation could directly affect APP trafficking via
the disruption of exosome formation

[44]

4 In vitro

• si-RNA-mediated flotillin-2 knockdown impaired APP
endocytosis in primary cultures of hippocampal neurons,
and reduced Aβ production in tissue cell cultures

• Flotillin-2 acted as a scaffold protein and enhanced APP
clustering at the plasma membrane and subsequent APP
endocytosis in a clathrin-dependent manner

[45]

5 In vitro
• Flotillin-1 bound to BACE1, whereas flotillin-1

overexpression was associated with increased
recruitment into rafts and reduced activity of BACE1

[46]

6 In vitro

• Flotillin-1 could directly interact with the dileucine motif
in the cytoplasmic domain of BACE1, thus affecting its
endosomal sorting

• Flotillin-2-BACE1 interaction was at least partially
mediated by flotillin-1

• Depletion of flotillin-1 and -2 led to increased
accumulation of overexpressed BACE1 into late
endosomes in shRNA-mediated flotillin knockdown
HeLa cells

• Flotillin-1 knockdown resulted in overexpression
of BACE1

• Flotillin-2 knockdown increased amyloidogenic
processing of APP

[47]

7 In vitro
• Neuroblastoma cells transfected with mutant DNM 2

gene displayed higher flotillin levels, and APP was
mainly localized in the lipid rafts

[48]

8 In vivo & in vitro

• Copper inhibited the association of flotillin-2 with lipid
rafts via its redistribution into non-raft fractions,
resulting in the reduction of endocytosis and processing
of APP in membrane microdomains both in vitro and in
mutant APP transgenic mice

[49]

9 In vivo
• Endosomes of neurons in the amygdala, hippocampus,

and isocortex of APP and presenilin-1 transgenic mice
contained flotillin-1

[21]

10 In vivo
• Intracellular Aβ was accumulated in early and late

endosomes positive for flotillin-1 in transgenic
ArcAβ mice

[4]
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Table 1. Cont.

S.N. Type of Study Main Findings Reference

11 In vivo

• Knockout of flotillin-1 gene (with or without additional
knockout of flotillin-2 gene) in APP and presenilin-1
transgenic mice was correlated with reduced Aβ

accumulation and plaque formation
• No differences on APP clustering or endocytosis were

indicated in mouse embryonic fibroblasts with
flotillin-1 depletion

[50]

12 In vivo

• Treadmill exercise inhibited amyloidogenic APP
cleavage and Aβ production in APP and presenilin-1
transgenic mice by inhibiting flotillin-1 levels and lipid
raft formation

[51]

13 In vivo • Treatment of senescence-accelerated mouse prone 8 mice
with Yizhijiannao granule reduced flotillin-1 levels

[52]

14 In vivo
• Flotillin levels were not altered in mutant APP transgenic

mice, compared with proteins associated with
clathrin-dependent pathways

[53]

AD, Alzheimer’s disease; APP, amyloid precursor protein; Aβ, amyloid β; LGI3, leucine-rich glioma inactivated 3;
BACE1, beta-site APP cleaving enzyme 1; DNM, dynamin; FKBP12, FK506-binding protein; shRNAs, short hairpin
RNAs; siRNAs, small interfering RNAs.

More specifically, flotillin-1 was present in endosomes of neurons in the amygdala, hippocampus,
and isocortex of transgenic mice expressing human mutant APP and presenilin-1 [21]. Furthermore,
intracellular Aβ has been shown to accumulate in early and late endosomes of the endocytic pathway
that is positive for flotillin-1 in transgenic ArcAβ mice [4], overexpressing human APP 695 (and
containing the Swedish and Arctic mutations in a single construct). Another study demonstrated that
knockout of flotillin-1 gene (with or without additional knockout of flotillin-2 gene) in transgenic mice
overexpressing APP and mutant presenilin-1 was associated with reduced Aβ accumulation and plaque
deposition [50]. However, no significant differences in APP clustering or endocytosis were observed
in mouse embryonic fibroblasts with no flotillin-1 expression [50]. Another study has indicated that
treadmill exercise could inhibit amyloidogenic APP cleavage and subsequent Aβ production in the
brain of APP and presenilin-1 transgenic mouse models, by suppressing lipid raft formation and
flotillin-1 levels [51]. Furthermore, it has been reported that treatment of senescence-accelerated mouse
prone 8 mice with Yizhijiannao granule, a Chinese medicinal compound, could downregulate flotillin-1
levels in the temporal lobes of the animals [52]. Interestingly, it has been demonstrated that copper
could inhibit the association of flotillin-2 with lipid rafts by redistributing it into non-raft fractions,
thus decreasing the endocytosis and processing of APP in membrane microdomains both in vitro
and in mutant APP transgenic mice [49]. Previous works have shown that copper can attenuate
Aβ production [54], and suppression of flotillin-2-mediated APP processing in rafts may represent
one potential underlying mechanism. On the other hand, there is also evidence indicating that
clathrin-independent endocytic pathways may not play a significant role in APP processing, since
flotillin levels have been shown to remain unchanged in mutant APP transgenic mice, compared with
proteins associated with clathrin-dependent pathways [53]. Nevertheless, these findings highlight the
important implication of flotillins in the pathogenesis of AD, however, further studies are needed for
deeper understanding of the underlying molecular mechanisms.

3.3. Evidence from In Vitro Studies

There is also a growing amount of in vitro evidence investigating the role of flotillins at a molecular
level. Specifically, flotillin-1 was shown to directly interact with the intracellular domain of APP

158



J. Pers. Med. 2020, 10, 20

(AICD), the C-terminus of APP consisting of 57–59 amino acids, while the residues 189–282 of flotillin-1
were found essential for this interaction. [42]. In this context, it has been demonstrated that the
overexpression of FKBP12, a protein interacting with AICD, could trigger the amyloidogenic APP
processing pathway in vitro, possibly by altering the affinity of AICD to flotillin-1 [43]. AICD has been
demonstrated to play an important role in signal transduction via the interaction with specific PTB
domain-containing proteins, including X11 and Fe65 [55]. Flotillin-1 has been also found to interact
with leucine-rich glioma inactivated 3 (LGI3), a protein that is implicated in the internalization of APP
in neurons [44]. More specifically, flotillin-1 was indicated to stabilize LGI3, and downregulation of the
LGI3/Flo1 complex directly affected APP trafficking, by disrupting the formation of exosomes [44].
Another study has revealed that knockdown of flotillin-2 by small interfering RNA (siRNA) could
impair APP endocytosis in primary cultures of hippocampal neuronal cells, resulting in reduced Aβ

production in tissue cell cultures [45]. In addition, this study has demonstrated that flotillin-2 was
able to act as a scaffold protein and enhance APP clustering at the surface of the plasma membrane,
leading to APP endocytosis via a clathrin-dependent pathway [45]. Moreover, it has been indicated
that flotillin-1 could bind to BACE1, whereas flotillin-1 overexpression was associated with increased
recruitment of BACE1 into rafts and reduced activity of β-secretase in vitro [46]. Another study showed
that flotillin-1 was able to directly interact with the dileucine motif in the cytoplasmic domain of BACE1,
thus affecting its endosomal sorting. The flotillin-2–BACE1 interaction was shown to be indirect
at least partially via flotillin-1 [47]. Depletion of both flotillins was also indicated to be associated
with more prominent perinuclear localization and accumulation of overexpressed BACE1 into late
endosomes in HeLa cells in which the expression of flotillin expression was knocked down via lentiviral
shRNAs, suggesting that flotillins may affect its subcellular localization [47]. Additionally, flotillin-1
knockdown was demonstrated to result in overexpression of BACE1, and flotillin-2 knockdown led
to increased amyloidogenic processing of endogenous APP in the same cellular system, possibly
by affecting BACE1 trafficking [47]. Therefore, flotillins play a major role in BACE1 trafficking and
expression, thus affecting APP cleavage. Moreover, neuroblastoma cells that were transfected with
mutant dynamin (DNM) 2 gene, in which a specific polymorphism has been associated with late-onset
AD in non-carriers of the apolipoprotein E-ε4 allele [56], displayed higher levels of flotillin, and APP
was predominantly localized in the lipid rafts [48].

Taken together, flotillins have been shown to affect APP endocytosis and processing, Ca2+

homeostasis, mitochondrial dysfunction, neuronal apoptosis, Aβ-induced neurotoxicity, and prion-like
spreading of Aβ, thus playing an emerging role in AD pathogenesis.

4. Flotillin as a Novel Biomarker Candidate for AD: Clinical Evidence

CSF analysis is considered as the most reliable biofluid for detection of biomarkers of the central
nervous system (CNS) disorders since it allows a more accurate elucidation of the underlying molecular
processes in the brain. However, its acquisition requires lumbar puncture, which is an invasive
procedure. Alternatively, blood biomarkers present a more optimal approach, and enormous research
efforts are made towards this direction. However, the abundance of proteins in the plasma compared
with the CSF limits the efficacy of this strategy for several molecules including Aβ42, and the results of
respective clinical studies are often inconsistent [57]. In this regard, plasma neuron-derived exosomes
obtained from AD patients have been shown to contain higher levels of Aβ42 and phosphorylated tau
protein compared with controls, highlighting their potential usage as AD biomarkers [57]. Several
methodological concerns remain to be clarified for the estimation of exosomes per se in AD, since their
detection in blood or CSF may be affected by conditions of sample storage, temperature, and the use of
anticoagulants [57]. Although various techniques for the isolation of exosomes from biofluids have been
developed, there is still no established validated reference method for their effective purification [57].

Flotillin, as one of the main components of exosomes, has been recently proposed as an alternative
single molecule that could be used as an AD biomarker. Proteomic analyses have already indicated that
flotillins are constituents of CSF-derived exosomes [58,59]. Importantly, flotillin levels can be relatively
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easily measured by ELISA method and/or immunoblot analysis [10], providing a significant advantage
compared with other biomarker candidates that may require more expensive and specialized equipment.

Interestingly, a recent clinical study has indicated that flotillin levels were lower not only in the CSF,
but also in the serum of AD patients, compared with subjects with mild cognitive impairment (MCI) or
age-matched non-AD controls [10]. Additionally, CSF and serum flotillin levels have been shown to
be reduced in patients with AD-related MCI, compared with non-AD-related MCI (determined by
PiB-PET) [10]. Investigation of postmortem brain tissues further revealed that flotillin levels were also
lower in the cerebroventricular fluid (CVF) samples obtained from AD patients compared with subjects
with vascular dementia [10]. Furthermore, flotillin levels have been found to be negatively correlated
with amyloid burden, as shown by the mean cortical PiB retention levels in PiB-PET [10]. However,
flotillin-2 levels were shown elevated in brain sections of older non-demented humans compared
with younger individuals [41], as well as levels of plasma neuron-derived exosomes were lower in
aged HIV-infected individuals compared with controls [60], raising concerns regarding the efficacy of
flotillin levels to effectively discriminate between AD and normal ageing. In this regard, flotillin levels
were found to remain stable with advancing age in healthy controls in the abovementioned study [10],
highlighting the possibility that their levels may not be affected by ageing process itself.

Although clinical evidence on the diagnostic utility of flotillins in AD is limited and the subject is
still in its infancy, these findings strongly support the promising role of flotillin as a novel early CSF
and serum diagnostic biomarker for AD (Figure 1). Future studies with larger sample size are therefore
required for the validation of these results.

 
Flotillin can be detected in the CSF and serum of AD patients, and it has been demonstrated that its levels are 
lower in AD patients compared with controls, suggesting their use as potential AD biomarkers. AD, Alzheimer’s 
disease; CSF: Cerebrospinal fluid. 

Figure 1. Lipid rafts, endosomes, and exosomes are enriched in flotillin.

5. Discussion and Future Perspectives

Accumulating evidence highlights the emerging implication of flotillins in AD pathogenesis,
through their implication in APP endocytosis and processing, Ca2+ homeostasis, mitochondrial
dysfunction, neuronal apoptosis, Aβ-induced neurotoxicity, and prion-like spreading of Aβ.
Importantly, there is also clinical evidence suggesting their potential use as biomarker candidates for
AD, based on the reduced serum and CSF levels observed in AD patients compared with controls that
correlated with amyloid burden.

On the other hand, there are specific challenges related to the development of flotillins as valid
AD biomarkers. Firstly, it is important to note that flotillins are universally expressed by all cell types,
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and consist as a component of all subtypes of extracellular vesicles, independently to their density or
size [61]. In addition, it has been indicated that the concentration of plasma neuron-derived exosomes
was lower in neurocognitively impaired individuals (regardless of the cause) in comparison with
controls [60]. Furthermore, flotillin-1 has been reported to be enriched in exosomes from CSF samples
obtained from patients at early stage of severe traumatic brain injury, although no comparisons with
control subjects were made in this study [62]. Moreover, levels of CSF exosomal α-synuclein have been
shown to distinguish patients with Parkinson’s disease, dementia with Lewy bodies, and controls with
other neurological disorders, and correlate well with cognitive impairment [63]. However, flotillin-1
levels were shown to be higher in neurons bearing NFTs in brain specimens of AD compared with
PD patients [4]. Nevertheless, these findings raise important concerns about the specificity of flotillin
detection in AD, and highlight the need for future comparative studies in age-matched patients with
other neurological disorders.

Notably, accumulating evidence reveals the potential role of tissue flotillin levels as prognostic
biomarkers in various types of solid tumors, including breast cancer and lung carcinoma [64]. Although
data about plasma flotillin levels in cancer patients are lacking, other comorbidities including tumors
should be also considered for the evaluation of flotillin levels in AD patients. Furthermore, preclinical
evidence has demonstrated that several types of statins may alter the expression of flotillins in brain
plasma membrane [65], implying that treatment with statins may affect flotillin levels in AD patients.
In addition, the potential effects of anti-cholinesterase inhibitors, currently prescribed for AD patients,
on flotillin levels should be also considered.

Another issue that should be mentioned is the selective detection of flotillin-1 and -2 levels in the
CSF. In this context, it has been indicated that flotillin-2 levels were positively correlated with flotillin-1
levels in the CSF obtained from patients after severe traumatic brain injury [62]. Nevertheless, further
research is required regarding the differential role of both types of flotillins in the serum and CSF of
AD patients.

Apart from flotillins, another mechanism of clathrin-independent endocytosis involves caveolins,
which have been also implicated in Aβ production [66]. Caveolin-1 levels have been increased in
the cortex and hippocampus of brain specimens from AD patients compared with age-matched
controls [67], indicating another potential endocytosis-associated biomarker candidate for AD that
could be further investigated.

Importantly, it has been shown that specific gene polymorphisms of the neuronal sortilin-related
receptor (SORL1), which is highly implicated in the APP endosomal trafficking, may affect the
susceptibility to AD development [68]. It has been shown that specific polymorphisms of flotillin-2
gene may be associated with coronary artery disease in the Chinese population. Given the connection
of hypercholesterolemia with AD development [18,69], further research is needed for the potential link
between these flotillin-2 polymorphisms and AD risk.

6. Conclusions

Collectively, flotillin may serve as a single CSF or blood biomarker, or be used supplementary
to CSF Aβ42 and tau levels, as well as PET neuroimaging findings for more efficient and earlier AD
diagnosis. However, additional larger comparative studies with age-matched controls and patients
with other neurodegenerative disorders are needed for the validation of their usage as biomarkers for
AD in clinical settings.
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Abstract: Alzheimer’s disease (AD) is the most common neurodegenerative disease among the
elderly, affecting millions of people worldwide and clinically characterized by a progressive and
irreversible cognitive decline. The rapid increase in the incidence of AD highlights the need for an easy,
efficient and accurate diagnosis of the disease in its initial stages in order to halt or delay the progression.
The currently used diagnostic methods rely on measures of amyloid-β (Aβ), phosphorylated (p-tau)
and total tau (t-tau) protein levels in the cerebrospinal fluid (CSF) aided by advanced neuroimaging
techniques like positron emission tomography (PET) and magnetic resonance imaging (MRI). However,
the invasiveness of these procedures and the high cost restrict their utilization. Hence, biomarkers from
biological fluids obtained using non-invasive methods and novel neuroimaging approaches provide
an attractive alternative for the early diagnosis of AD. Such biomarkers may also be helpful for better
understanding of the molecular mechanisms underlying the disease, allowing differential diagnosis
or at least prolonging the pre-symptomatic stage in patients suffering from AD. Herein, we discuss
the advantages and limits of the conventional biomarkers as well as recent promising candidates
from alternative body fluids and new imaging techniques.

Keywords: Alzheimer’s disease; biomarker; amyloid beta; neuroimaging; cerebrospinal fluid

1. Introduction

Alzheimer’s disease (AD) represents the most common form of dementia in the elderly population
worldwide, accounting for up to 80% of all diagnoses [1]. AD is clinically characterized by irreversible
and progressive neurodegeneration leading to memory deterioration, behavioral changes and
cognitive dysfunction, resulting in autonomy loss, which ultimately requires full-time medical
care [2]. The neuropathological hallmarks include the presence of extracellular senile plaques
constituted by the amyloid-β (Aβ) peptides and intracellular neurofibrillary tangles (NFTs) consisting
of hyper-phosphorylated paired helical filaments (PHFs) of the microtubule-associated protein tau
(MAPT) [3]. Aβ plaques are composed of various Aβ peptides, including the 40 and 42 amino acid
products (Aβ40 and Aβ42), generated as a result of the sequential proteolytic cleavage of Aβ precursor
protein (APP) by β-site APP-cleaving enzyme 1 (BACE-1) and the γ-secretase complex [4]. During the
early stage of the disease, extraneuronal Aβ deposits, intraneuronal NFTs and neuritic threads are
found in the entorhinal cortex and in the hippocampus, which are the key regions of memory and
learning functions. However, in addition to Aβ and tau pathology, other processes, such as synaptic
dysfunctions and microglia-mediated inflammation also play an important role in AD pathogenesis
and may correlate with cognitive decline (Figure 1) [5,6].
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Figure 1. Main pathological mechanisms occurring in Alzheimer’s disease and their associated fluid biomarkers.

Most AD cases are sporadic with a late onset, usually occurring in individuals aged 65 or older,
and the main risk factors are aging and carrying the ε4 allele of Apolipoprotein E (ApoE) [7]. Conversely,
the rare early-onset forms of AD affect individuals under 65 years of age and show an autosomal
dominant pattern of inheritance, generally presenting a positive family history. These patients carry
mutations in one of the known genes, namely PSEN1, PSEN2 and APP, encoding the presenilin-1,
presenilin-2 and APP proteins, respectively. All of them are involved in the maturation and processing
of APP, leading to an increased production or aggregation of Aβ peptide [8].

Although behavioral symptoms can be alleviated by actual therapeutic strategies, drugs that
prevent or halt the disease course are still not available [9]. The lack of success of disease-modifying
therapy may be partially explained by the complex etiology in its pathophysiology and the limitations
in past clinical trials designed on enrolled participants with mild-to-moderate AD or with no Aβ

pathology [10]. In this regard, a biomarker holds promise for enabling more effective drug development
in AD and establishing a more personalized medicine approach [11]. It would be a suitable indicator
of the stage of disease progression, treatment monitoring and a valuable tool for epidemiological
and therapeutic research. According to the latest guidelines of the National Institute on Aging
and Alzheimer’s Association (NIA-AA), the recommendations for the diagnosis of pre-clinical,
mild cognitive impairment (MCI) and AD dementia have been updated, unifying biological markers
and imaging into AT(N) groups. This novel classification summarizes biomarkers into three categories:
Aβ deposition (A), pathological fibrillary tau (T) and neurodegeneration (N) [12,13]. Currently, group A
includes low levels of Aβ42 in the cerebrospinal fluid (CSF) or Aβ positron emission tomography (PET)
ligand binding; group T includes elevated levels of CSF phosphorylated tau at threonine 181 (p-tau)
and tau PET ligand binding, whereas group N includes elevated CSF total tau (t-tau), fluorodeoxyglucose
(FDG)-PET hypometabolism and atrophy on magnetic resonance imaging (MRI) [13]. Increasing efforts
have been made in recent years to detect biomarkers in more accessible biological matrices; therefore,
in this review we discuss the clinical relevance of emerging candidate biomarkers in CSF and in other
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promising alternative non-invasive biological fluids as well as novel approaches in “dry” biomarkers
like neuroimaging or neurophysiological techniques.

2. Emerging AD Biomarkers in Biological Fluids

2.1. Invasive CSF Biomarkers

Despite its invasiveness of collection, CSF still represents the most reliable biological fluid for
biomarker detection of the central nervous system (CNS) disorders, allowing the most accurate
elucidation about the molecular processes occurring during neurodegeneration. Compared with blood,
CSF has the advantage of its proximity to the brain parenchyma and that it contains brain proteins
which are directly secreted from the brain extracellular space.

In addition to the well-established core AD CSF biomarkers like Aβ and tau proteins, a number
of candidate molecules have been investigated as potential AD biomarker, mainly related with
pathological mechanisms or to other aspects of the disease pathophysiology, such as enzymatic deficits,
degrading pathway, biochemical modifications or clearance. Currently, one of the most studied
biomarkers is neurofilament light chain (NfL), a scaffold protein found in the neuronal cytoskeleton.
After axonal injury, intracellular NfL is released in the extracellular space, leading to an increased
concentration in the CSF. Therefore, it represents a non-specific marker for neuronal damage and has
been largely studied in the context of neurodegenerative diseases, including multiple sclerosis (MS),
Parkinson’s disease (PD), frontotemporal dementia (FTD) and amyotrophic lateral sclerosis (ALS) [14].
Elevated levels of CSF NfL were found in patients with MCI and AD, associating with the severity
of memory impairment as a marker of disease progression [15–17]. Altogether, studies reported a
very good performance of CSF NfL to distinguish AD cases from cognitively healthy controls with no
evidence of structural brain damage [18]. However, the currently available evidence does not support
the ability of CSF NfL to differentiate AD from disease mimics or MCI [14].

Similarly, also the presence of neuron-specific enolase (NSE) in CSF represents a marker of neuronal
damage. NSE is a glycolytic enzyme involved in neuronal energy metabolism, axoplasmatic transport
and cell survival. It is physiologically not secreted in the extracellular space, so elevated CSF NSE levels
are regarded as the result of an upregulation of neuronal metabolic activity that follows increased energy
demand. Significantly higher protein levels were found in AD patients, and alone or in combination
with t-tau and p-tau, NSE further showed both high specificity and sensitivity to distinguish AD cases
from healthy controls, suggesting a clinical application of this potential biomarker [19]. However,
NSE could not discriminate AD from other forms of dementia [20].

The post-synaptic protein neurogranin, which is exclusively expressed in the cortex and
hippocampus by excitatory neurons, seems to be a promising biomarker candidate. It is known
to play an important role in learning and memory by maintaining long-term potentiation and synaptic
plasticity. Neurogranin expression is highest in cortical areas, but its levels are markedly low in the
frontal cortex and the hippocampus, indicating that the measurement of neurogranin in CSF could serve
as a biomarker for synaptic degeneration and dendritic instability [21]. Synapse loss is a downstream
effect of amyloidosis, tauopathy, inflammation and other pathological mechanisms occurring in AD
and strongly correlates with decline in cognitive performance. High CSF levels of neurogranin in
AD and prodromal AD have been confirmed by several studies using immunoassay recognizing
both the full-length protein and the fragment peptides [22–25]. Moreover, encouraging data showed
that increased neurogranin fragments in CSF correlate with cognitive decline, hippocampal atrophy
measured by MRI and reduced glucose metabolism on FDG-PET [22,26]. Interestingly, the increase in
CSF neurogranin seems to be specific for AD and not found in other neurodegenerative disorders,
including FTD, PD, Lewy body dementia (LBD), progressive supranuclear palsy or multiple system
atrophy [27].

Additional synaptic proteins, including synaptosomal-associated protein 25 (SNAP-25)
and synaptotagmin-1 (SYT-1), also showed promising results as CSF biomarkers for synaptic damage
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and loss. Whereas SNAP-25 is found at synaptic vesicles, SYT-1 is located in the pre-synaptic
plasma membrane and is essential for synaptic vesicle exocytosis and therefore neurotransmitter
release [23]. The levels of both SNAP-25 and SYT-1 are decreased in the cortical areas of AD brain,
reflecting the synaptic loss and degeneration occurring in AD [28,29]. Interestingly, a marked increase
in both SNAP-25 and STY-1 levels in CSF was found in patients with AD or MCI as compared with
controls [28,30,31]. Although these results need validation in further studies, they may represent a
valuable tool regarding the relevance of synaptic degeneration and loss in AD pathogenesis and also in
the clinical evaluation of patients.

Recent research proposed markers of glial activation as potential biomarkers for AD. Among
them, one of the most promising is the triggering receptor expressed on myeloid cells 2 (TREM-2),
mostly because there is a strong genetic association between TREM-2 and AD. TREM-2 play several
roles in microglia, including cytokine release, proliferation, APOE binding and shielding of Aβ

plaques [32,33]. It is a transmembrane protein and its soluble domain (sTREM-2) is released into the
extracellular space and can be measured in both CSF and blood. The majority of studies reported
increased levels of sTREM-2 in AD vs. controls which dynamically change during the disease course,
reaching the peak in the later asymptomatic stage and early symptomatic phase of late-onset AD or
in the genetic forms of AD [34–37]. However, CSF sTREM-2 is closely associated with tau-related
neurodegeneration but not with Aβ pathology [38], and it increases also during MS and other
neuroinflammatory disorders, suggesting that the microglia response mediated by TREM-2 occurs
whenever there is a neuronal injury, so not only in AD [39,40]. Another marker of glial activation is the
glial fibrillary acidic protein (GFAP), one of the cytoskeletal filament proteins in astrocytes, which is
activated and then released from these cells during neurodegeneration. CSF GFAP levels were reported
to inversely correlate with the cognitive function, although an increase of this protein production was
found not only in patients affected by AD, but also with FTD and LBD, suggesting its potential use in
the prediction of dementia progression [41]. Regarding the microglial and astrocyte marker YKL-40,
several studies observed higher levels in the CSF of AD patients as compared with controls [42],
and these results have been also confirmed by a recent meta-analysis [43]. CSF YKL-40 increases
with disease progression and is positively correlated with biomarkers of neurodegeneration [44].
Some studies have even reported that its levels can predict the progression from cognitively unimpaired
to MCI and from MCI to AD dementia [42,45]. Also in the case of YKL-40, its increased levels in CSF are
not specific for AD, albeit they are unchanged or even decreased in PD patients without dementia [46].

Finally, several studies also focused on BACE-1 as a possible AD biomarker, but with conflicting
results. Most of them showed an increase in activity or protein levels of BACE-1 in AD individuals
and also in subjects with MCI who developed AD later, being a good progression marker [47–49].
Conversely, other authors reported different results, including no differences in BACE-1 activity
between controls, MCI and AD cases, or even decreased CSF levels in AD as compared with healthy
controls [50,51]. A summary of levels of CSF biomarkers is reported in Table 1.

Table 1. Changes in levels of CSF biomarkers in Alzheimer’s disease (AD) patients and controls.

Biomarker AD Controls AD/Controls Technique Reference

NfL (pg/mL) 1574.04–2827.96 995.41–2016.59 ↑ ELISA [16]
NSE (ng/mL) 15.63–20.60 5.98–10.94 ↑ ECLIA [19]

neurogranin (pg/mL) 349–744 161–453 ↑ ELISA [26]
SNAP-25 (ng/mL) 22–38 18–20 ↑ MS [28]

SYT-1 pM 131.7–449.7 166.9–309.7 ↑ ELISA [30]
sTREM-2 (pg/mL) 172.5–305.4 131.0–240.7 ↑ ELISA [34]

GFAP (ng/mL) 1.77–4.26 1.31–3.21 ↑ ELISA [41]
YKL-40 (ng/mL) 400–422 254–293 ↑ ELISA [20,42]

BACE-1 activity (pM) 30–43 23–42 ↑� ELISA [47,50]
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ECLIA, electrochemiluminescence immunoassay; ELISA, enzyme-linked immunosorbent assay;
MS, mass spectrometry.Overall, the value of these molecules as AD biomarkers has to be
validated [52,53]. Moreover, given the fact that CSF collection requires lumbar puncture, there is still a
need to discover additional non-invasive, reproducible, reliable, inexpensive and simple to measure
biomarkers in alternative biological fluids, e.g., blood, saliva, urine and tears (Figure 2).

Figure 2. Emerging biomarkers in cerebrospinal fluid (CSF) and alternative biological fluids. For each
of them, the thickness of the box is proportional to the number of articles in English searched in Pubmed
database on 24 June 2020 using the keywords: “biomarker” AND “Alzheimer’s disease” AND the type
of fluid.

2.2. Non-Invasive Biomarkers

2.2.1. Blood

As blood is more accessible than CSF, potential biomarkers have largely been studied in this
biological fluid [54,55]. Apart from the much less invasive procedure of blood collection as compared to
the lumbar puncture, it allows repeated sampling and measurements to monitor the AD progression or
to evaluate the efficacy of the newly developed drugs during clinical trials. However, developing blood
biomarkers for AD and other brain disorders is still challenging and requires highly sensitive
technologies for detection and careful validation work. The blood-brain barrier (BBB) represents a
major issue in finding suitable blood-based biomarkers. Whilst CSF is continuous with the brain
extracellular fluid, with a free passage of molecules from the brain to the CSF, the highly selective
semipermeable membrane allows entrance only to selected brain-derived proteins, which are typically
present at low concentrations [56]. Moreover, some biomarkers related to AD pathology are expressed
in non-cerebral tissues and this could confound their measurements in the blood. Finally, the activity
of various proteases or protein carriers in blood may participate in degrading or masking the epitopes
of a potential biomarker, interfering with its detection and measurement [57].

Several studies on plasma biomarkers have indeed reported inconsistent results, even for the core
AD CSF biomarkers like Aβ and tau proteins. While some authors reported high concordance between
the levels of these proteins detected in CSF and blood [58], conversely, other studies on Aβ plasma levels
demonstrated a lack of correlation between CSF and blood in both Aβ40 and Aβ42 in AD [43,59–61].
This discrepancy may probably be due to the low levels of Aβ peptide in blood or to the analytical
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sensitivities of enzyme-linked immunosorbent assay (ELISA) [62]. In order to overcome the limits in
the detection using traditional ELISA methods, ultrasensitive technologies have been developed with
promising results, including single molecule array (Simoa) [62,63], immunoprecipitation coupled with
mass-spectrometry (IP-MS) analysis [46] and stable isotope labeling kinetics followed by IP-MS [64].
Using Simoa assay, Aβ42 levels and the ratio of Aβ42/Aβ40 in plasma were shown to correlate with CSF
levels and Aβ deposition measured using PET [62,63]. A decreased Aβ42/Aβ40 ratio was even found in
plasma of patients with MCI and preclinical AD [62]. Novel approaches based on MS technology have
the advantage of allowing the investigation of various species of Aβ peptides at very low concentrations.
Immunoprecipitation coupled with MS was useful to pull down different Aβ fragments, showing a
decreased Aβ42/Aβ40 ratio in plasma with around 90% diagnostic accuracy and a great ability to
predict the presence of Aβ plaques in the brain of AD patients detected using Aβ PET imaging [64,65].
Although these assays overcome several comparison and standardization limits, they do not solve the
confounding problem with non-cerebral expression of Aβ which is produced by platelets, the primary
source of Aβ peptide accounting for 90% of total blood Aβ [66]. Similarly, ultrasensitive techniques
have also been used to measure tau protein in blood samples. Several groups reported elevated t-tau
levels in the plasma of AD patients as compared with controls, but the overlapping values between
these two groups exclude its potential use as a diagnostic tool [67–69]. Additionally, plasma t-tau
predicted cognitive decline and the risk of dementia [68–70]. On the other hand, plasma p-tau achieved
promising results, showing higher concentration in AD patients than in control individuals and a
strong correlation with CSF p-tau [71].

Advancements in ultrasensitive assays also enabled the accurate measurements of NfL levels,
not only in CSF, but also in blood, revealing a tight correlation with its concentration in CSF. Therefore,
blood NfL represents a well-replicated and reliable biomarker useful for screening neurodegenerative
processes, monitoring disease progression or therapy [72–75]. Serum or plasma NfL levels were
highly increased in AD and MCI cases when compared to controls and in other neurological
disorders [16,72,74,75]. Interestingly, CSF and blood NfL levels are related with AD severity markers,
including brain atrophy detected using MRI, glucose hypometabolism measured using FDG-PET and
cognitive deterioration evaluated using MMSE, suggesting its use as a disease stage biomarker [72,76,77].
More importantly, blood NfL levels were increased in symptomatic familial AD cases but also in
pre-symptomatic carriers of AD mutations and correlated with estimated years of symptom onset
as well as both cognitive and MRI measures of AD stage [75,78]. Given all these findings, emerging
agreements recommend the use of NfL instead of t-tau as an independent marker of neurodegeneration
(N) in the AT(N) classification for AD [13].

Recent evidence has pointed out a role of flotillin as a novel AD biomarker [79,80]. This is
a membrane-associated protein located in lipid rafts of intra- and extracellular vesicles; therefore,
it plays important roles in signal transduction and membrane–protein interactions. Regarding AD
pathogenesis, flotillin is involved in several pathological processes, such as APP processing and
endocytosis, mitochondrial dysfunction, Aβ-induced neurotoxicity and neuronal apoptosis [80].
A clinical study reported that flotillin levels were decreased in both CSF and serum of AD patients
compared with MCI individuals or age-matched non-AD controls. Moreover, flotillin levels in
serum negatively correlated with Aβ burden detected using PET, whereas they remained stable with
advancing age in healthy controls [79]. Despite the clinical evidence of a diagnostic utility of flotillin
in AD being still in its infancy, emerging findings support that it may be used in support of CSF
Aβ42 and tau levels as well as PET neuroimaging for more efficient and earlier diagnosis for AD [80].
A summary of levels of blood biomarkers is reported in Table 2.

Epigenetics is also of increasing interest in biomarker discovery, with gene regulation by
micro(mi)RNAs representing one of the most investigated molecules [81–83]. Since miRNAs are
dysregulated in the brain, CSF and blood, they may be used as diagnostic and prognostic biomarkers
for AD. Several studies identified panels of miRNAs to discriminate AD patients from controls with a
good specificity and sensitivity [84–87]. Most dysregulated miRNAs are associated with molecular
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mechanisms occurring during AD pathogenesis, such as inflammation, apoptosis, Aβ and tau signaling
pathways [88], suggesting them as an alternative and more sensitive approach for detection and
management of AD [89]. Although promising, the use of miRNAs in clinical practice still has several
limitations, including variations in analytical platforms and different methods of data validation
and normalization.

Table 2. Changes in levels of blood biomarkers in AD patients and controls.

Biomarker AD Controls AD/Controls Technique Reference

Aβ42/Aβ40 ratio 0.04–0.08 0.05–0.1 ↓ Simoa [62]
Aβ42 (pg/mL) 5.9–20.5 14.4–24.8 ↓ Simoa [62]
t-tau (pg/mL) 2.61–4.73 1.98–3.50 ↑ Simoa [67]
p-tau (pg/mL) >0.0921 ↑ ELISA [71]

NfL (ng/L) 24.1–77.9 13.3–56.1 ↑ ELISA [72]
flotillin (% over controls) −30 ↓ WB [79]

Simoa, single molecule array; ELISA, enzyme-linked immunosorbent assay; WB, Western blotting.

Finally, a number of additional emerging biomarkers have been investigated in various studies
aiming to find a potential link with AD pathological processes, including glial activation, inflammation,
neurodegeneration, Aβ pathology or degrading enzymes [43,90]. Although most of them displayed
significant association with AD in the CSF, the corresponding levels in blood did not reflect such
alteration [43].

2.2.2. Saliva

Saliva represents an attractive marker for monitoring diseases as its collection is non-invasive,
convenient and cost-effective. Since salivary secretion decreases with aging, it is supposed that changes
in biochemical composition may be related to the development of age-associated diseases. Interestingly,
it has been reported that proteins from the CNS are excreted into the saliva [91]. Several studies
have evaluated salivary Aβ levels but with conflicting results: increased or unaltered levels of Aβ42

were found in AD patients as compared with controls [92]. Similarly to Aβ, tau protein was also
investigated as a potential salivary biomarker for AD. Specifically, the p-tau/t-tau ratio was shown
to be significantly increased in AD patients. Moreover, while data on salivary t-tau are consistently
negative, p-tau species in saliva could have greater utility [93,94].

A recent study suggested the use of lactoferrin as a salivary biomarker with high sensitivity and
specificity. Lactoferrin, one of the major antimicrobial peptides, is abundantly present in human saliva
and shows Aβ-binding properties. Decreased levels of this peptide were detected in patients with
both AD and amnestic mild cognitive impairment (aMCI) compared to healthy controls, resulting in
100% sensitivity and specificity. In addition, authors also reported a positive correlation with CSF
Aβ42, t-tau and the mini-mental state examination (MMSE) [95].

With contrasting results, several other salivary candidate biomarkers have been examined,
including mucins, acetylcholinesterase and cortisol; therefore, it is necessary for data to be replicated in
larger cohorts or longitudinal studies [96]. Although saliva seems to represent an interesting source of
markers, its content may be influenced by the circadian rhythm, flow rate and time of sample collection.
Moreover, the levels of biomarkers require normalization and are unstable because of the presence of
degradative enzymes (Table 3).

2.2.3. Urine

In contrast with saliva, the use of urine as a diagnostic biomarker has the advantage of it being
easily normalized on measured levels of creatinine, which is physiologically stable. Urine has so far
represented a good marker source for the diagnosis and monitoring of renal dysfunctions and urinary
tract and prostate cancers. As mentioned above, oxidative stress and oxidative DNA damage play
an important role in the early stages of the disorder and are currently being explored for possible
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biomarkers in AD (Table 4). Specifically, ROS combines with mitochondrial and nuclear DNA to
produce 8-hydroxy-2′-deoxyguanosine (8-OHdG), a marker used to monitor cellular dysfunction in
urine. It has been reported that AD patients exhibit high urinary levels of 8-OHdG as compared with
healthy elderly controls [97]. Another biomarker for oxidative injury is represented by isoprostane 8,
12-iso-iPF2α-IV, generated from arachidonic acid peroxidation by free radicals. Elevated levels of
isoprostane 8, 12-iso-iPF2α-IV were found in all biofluids of AD patients, including CSF, urine and
plasma [98].

Table 3. Changes in levels of salivary biomarkers in AD patients and controls.

Biomarker AD Controls AD/Controls Technique Reference

Aβ42 (pg/mL) 41–51.7 21.1–29 ↑ ELISA [92]
t-tau (pg/mL) ~11.5–14.5 ~14–17 � ELISA [93]
p-tau (pg/mL) ~90–140 ~85–105 ↑ ELISA [93]

p-tau/t-tau ratio ~9–12 ~6.5–7.5 ↑ ELISA [93]
lactoferrin
(μg/mL) 3.67–5.89 8.28–12.20 ↓ ELISA [95]

ELISA, enzyme-linked immunosorbent assay.

Table 4. Changes in levels of urinary biomarkers in AD patients and controls.

Biomarker AD Controls AD/Controls Technique Reference

8-OHdG (nmol/L) 99–159 16.5–33.1 ↑ HPLC [97]
isoprostane 8, 12-iso-iPF2α-IV

(ng/mg creatinine) 4.51–5.35 1.60–1.94 ↑ MS [98]

AD7c-NTP (μg/mL) >22 ↑ ELISA [99]
SPP1 (ng/mg total protein) ~8–10 ~12–18 ↑ ELISA [100]
GSN (pg/mg total protein) ~1300–1800 ~1000–1200 ↑ ELISA [100]

IGFBP7 (pg/mg total protein) ~6–8 ~4.8–5.2 ↑ ELISA [100]

HPLC, high performance liquid chromatography; MS, mass spectrometry; ELISA, enzyme-linked immunosorbent assay.

Increasing evidence supports the use of urinary Alzheimer-associated neuronal thread protein
(AD7c-NTP) as a potential candidate for AD early diagnosis. The transmembrane phosphoprotein
AD7c-NTP co-localizes with NFTs and is positively associated with phosphorylated tau accumulation
in CSF from AD patients. Several studies reported increased AD7c-NTP levels in CSF and urine in
the early course of neurodegeneration in AD, which is positively associated with the disease severity.
Moreover, a meta-analysis suggested a possible use of urinary AD7c-NTP in the early diagnosis of
AD [99].

A recent study coupling computational and experimental methods revealed three differentially
expressed proteins in the urine of AD patients: SPP1 (secreted phosphoprotein 1), GSN (gelsolin)
and IGFBP7 (insulin-like growth factor-binding protein-7). Interestingly, all of them have already been
reported to play an important role in AD pathogenesis. In AD models, SSP1 is involved in modulating the
macrophage immunological profile towards a better capacity in mediating Aβ clearance. GSN binds
to Aβ, solubilizing its existed fibrils or inhibiting Aβ fibrillization in the brain, whereas IGFBP7
contributes to brain cell homeostasis and is a critical mediator of memory function [100].

2.2.4. Tears

Tear samples have been already suggested as an excellent biomarker candidate, providing
information not only on pathological conditions affecting the ocular system, but also on systemic
pathophysiological processes [101,102]. Interestingly, Aβ plaques were found in the retina and lens of
AD patients, as well as changes in the retinal morphology and vasculature, resulting in an impaired
visual performance [103]. Thus, an alteration of the eye microenvironment may be reflected at the
level of tear proteins. In a recent pilot study using quantitative proteomics techniques, the authors
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found a change of tear flow rate, total tear protein concentration and composition of the chemical
barrier specific to AD (Table 5). Moreover, a very high accuracy in discriminating AD patients from
healthy donor controls has been reached by the combination of a panel of proteins, including the
extracellular glycoprotein lacritin, dermcidin, lipocalin-1 and lysozyme-C, which are mostly involved
in the inflammatory processes and defense against pathogens [104].

Table 5. Changes in levels of biomarkers in tears from AD patients and controls.

Biomarker (Log2 Fold Change Over Controls) AD AD/Controls Technique Reference

extracellular glycoprotein lacritin −2.04 ↓ MS [104]
dermcidin 0.85 ↑ MS [104]
lipocalin-1 −0.76 ↓ MS [104]

lysozyme-C −1.11 ↓ MS [104]

MS, mass spectrometry.

3. Emerging AD “Dry” Biomarkers: Structural and Functional Techniques

Several brain-imaging and neurophysiological techniques could be used for studying
morphological and functional changes occurring in AD [105]. Quantitative electroencephalography
(EEG) and other neurophysiological biomarkers like event-related potentials and transcranial
magnetic stimulation (TMS) have been used to predict MCI conversion to AD and for dementia
differential diagnosis, but more research should examine their sensitivity and specificity for diagnostic
purposes [106–108]. Morpho-functional imaging studies have been used according to the NIA-AA
guidelines and have the advantage over fluid biomarkers to provide crucial disease-staging information,
as imaging can distinguish the different phases of the disease both temporally and anatomically [12].
We could subdivide AD imaging techniques into two main categories: structural and functional
imaging (Figure 3).

Figure 3. Neuroimaging techniques and their validated molecular targets for studying morphological
and functional changes occurring in AD.

3.1. Structural Imaging

Structurally, AD patients show characteristic patterns of atrophy involving several structures
of the medial temporal lobe (MTL) including the hippocampi, amygdala, the cingulate cortex,
parahippocampal gyrus and the entorhinal cortex [109–112]. The two main techniques providing
structural data on the brain of AD patients are computed tomography (CT) and MRI. Several guidelines
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suggest using one of them for evaluation of patients presenting with a cognitive/dementia syndrome
(CDS) in the clinical setting [110]. Diffuse cerebral atrophy, with enlargement of the cortical sulci and
increased size of ventricles are easily detectable in AD using both CT and MRI. However, despite the
fact the CT imaging techniques are preferable to MRI in non-collaborative patients, where you need
speed, for a minor cost, and also higher availability in developing nations, quantitative measurements
are limited using CT. Moreover, CT is not sensitive for early changes, and so it is not considered as a
standard biomarker for early diagnosis of AD.

3.1.1. MRI

The MRI technique is the most used in AD diagnosis due to its high spatial resolution, which allows
the difference between two arbitrarily similar but not identical tissues and multiparametric acquisitions
to be distinguished [113,114]. MRI does not involve X-rays or the use of ionizing radiation, it is
non-invasive and has no significant adverse health effects. Moreover, this technique has revealed the
ability to define a spectrum of changes related to vascular pathologies and white matter diseases in the
brain and permits detection of microstructural and biochemically changes, thanks to diffusion tensor
imaging (DTI) and MR spectroscopy (MRS) techniques, respectively, and functional studies as well.

Since 2008, Whitwell and colleagues, studying AD patients, demonstrated the existence of a
correlation between MRI volumetric measurements of MTL and, in particular, the hippocampus
and NFT accumulation in the lobes [115]. Hence, the measure of hippocampal volume has become
a well-established biomarker for AD diagnosis and follow-up [116–118]. Some MRI studies have
also shown a correlation between the extent of hippocampal and entorhinal volume decline and
the increasing age predicted performance on memory tasks [119–122]. However, the underlying
pathological mechanism is not clear. In particular, it could not be inferred that these changes are
actually the result of cell loss with age, because it could also be plausible that they really are secondary
to synaptic and dendritic loss.

Hippocampal volumetry has shown an important limit, which is the absence of great sensitivity
during the prodromal stage of the disease. Therefore, new MR-derived biomarkers are needed with a
higher sensitivity compared to whole hippocampal volumetry at an early disease stage. Moreover,
clinical routine has shown that it is very challenging to quantify the degree of atrophy for each
single case, while it is evident based on several reports in the literature that in large research studies
based on group level analysis, an AD “signature” atrophy could be easily detected. As stated above,
the evaluation of whole hippocampal volume was not a well-suited biomarker during the pre-clinical
AD stage. Several papers reported contradictory findings, potentially due to the use of different
approaches in performing the analyses [123]. This could be related to the fact that the manual
volumetric technique is a very challenging and time-consuming approach also requiring an excellent
working knowledge of neuroanatomy as well as good skill in delineating regions of interest (ROI).
Several studies on hippocampus volumetry in middle-aged adults below the age of 55 years reported a
contradictory pattern. In particular, while Okonkwo and colleagues found characteristic left posterior
hippocampal atrophy [124] and O’Dwyer et al. reported reduced right hippocampal volume in
young APOE carriers [125]; others were not able to find differences between the high- and low-risk
groups [119]. To overcome difficulties in whole hippocampal volumetry analysis, more recent studies
have used segmentation techniques to quantify volumes of each functionally specialized subfield of
the hippocampus, which has discrete histological characteristics. This approach demonstrated a higher
sensitivity in capturing subtle atrophy patterns compared to whole hippocampal volumetry [126].
A recent work suggested that surface deflections across all hippocampal subfields (CA1 lateral zone,
dentate gyrus/CA2-4 superior zone and subiculum inferior medial zone) could be used as biomarkers
to differentiate early AD patients from non-demented controls [127].

Currently, the most recurrent volumetry assessment tools and image analysis methods for AD
include manual tracing for image processing analysis and visualization; automated Voxel-based
morphometry (VBM) for investigation of focal differences in brain anatomy (it allows healthy controls
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and patients to be distinguished based on the volume of brain and ROI) [128,129]; individual brain
atlases using statistical parametric mapping (IBASPM) to automatically create segments of cerebral
structures and compute the volume of gross anatomical structures to distinguish an AD group
from a normal control group; the insight segmentation and registration toolkit-SNake automatic
partitioning (ITK-SNAP), which is a semi-automated 3D brain segmentation technique; and FreeSurfer,
which automatically identifies and measures brain regions detecting hippocampal atrophy in patients
and providing information about the shape, position or volume of brain tissue.

FreeSurfer software is one of the two main methods for hippocampal segmentation. The other one
is automatic segmentation of hippocampal subfields (ASHS). Both support multispectral segmentation
relying on atlases based on histological information and high-resolution ex vivo MRI scans. However,
the use of the segmentation methods has not yet demonstrated its validity in the study of healthy
adults at risk of AD as the results have been inconclusive [130]. Very recently, an MRI biomarker for
in vivo AD diagnosis based on the use of FreeSurfer and a supervised machine learning approach was
reported [131]. Based on an individual’s pattern of brain atrophy, a continuous AD score is assigned
which measures the similarity with brain atrophy patterns seen in clinical cases of AD [131].

Besides hippocampal volume, structural MRI also allows cortical thinning to be studied in the
entorhinal cortex (EC), another biomarker identified as a highly sensitive measure of structural change
both in MCI and AD [132]. The decline in EC thickness occurs earlier and could be used as a predictive
marker of hippocampus volume decline.

Structural MRI methodological limitations are, in particular, susceptibility to movement,
differences in spatial resolution across scans that make it difficult to perform a comparison and
difficulties in determining the real neural source of volume or thickness loss (cell loss vs. dendritic and
synaptic loss) in the absence of high-resolution scanning. This is a concern due to the fact that high
resolution and post-processing studies are not feasible in many institutions.

3.1.2. Diffusion Tensor Imaging (DTI) and Biomarker of White Matter Integrity

DTI is an advanced MRI which measures non-random movement of water molecules and also
tracks the fibers of tracts within the brain. It has been used to study the microstructural features of
white matter [133]. In AD, these studies showed fiber alteration in the temporal and frontal lobes and
also corpus callosum and posterior cingulate gyrus [134] with a posterior to anterior gradient [135].
A modest diagnostic power in discriminating AD from controls has been reported in a meta-analysis
using DTI measurements of limbic regions [136].

DTI could be used in clinical trials to monitor response to disease modifying drugs or as an
indicator of disease progression owing to the fact that functional modifications are detectable prior to
structural abnormalities. However, DTI use in AD diagnosis is at the early stages of evaluation and
requires further studies. DTI has a number of technical limits that reduce its utility in clinical settings:
there is significant variability of DTI-based diffusion metrics between MRI scanners, and traditional
approaches cannot resolve intra-voxel complexities such as fiber bending, crossing and twisting [137].
The latter limits may be overcome in the future using high angular resolution diffusion imaging
(HARDI), which provides correct information to model diffusion with an orientation distribution
function (ODF), a more versatile diffusion representation that captures multiple orientations in a
voxel [138].

3.1.3. Proton Magnetic Resonance Spectroscopy (MRS) and Metabolic Markers of AD

MRS is an imaging method for which three decades of research indicate a potential role as
a biochemical imaging marker in AD [139]. MRS aims to measure chemical concentration in the
brain. The most common compounds analyzed in MRS are represented by N-acetylaspartate (NAA),
choline (Chol), myoinositol (mI), glutamate plus glutamine (Glx) and creatine (Cr). The last one
is generally considered as an internal reference due to it having no significant changes in different
conditions, and MRS is then reported as a ratio of the tested metabolite over Cr [140].
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Since 1992, a reduction in NAA neuronal metabolite has been demonstrated using MRS performed
on autopsy brain samples of AD patients in respect to levels detected in healthy controls. The observed
decrease of NAA was also demonstrated to correlate with the amount of tangle and plaque in the
brain [141]. The decrease in NAA or NAA/Cr has been then considered as a marker of neuroaxonal
density and viability [142]. AD patients show reduced NAA/Cr ratio in posterior cingulate voxels [143]
and in the medial temporal lobe [144] and hippocampi [145] compared to controls. The same decrement
is not detectable in MCI patients because these areas are not yet involved in the neurodegeneration [142].

Myoinositol, a glial marker, was also analyzed in AD patients through MRS and its increase was
detected in several brain regions. This is thought to be an early event in the course of AD pathology
preceding NAA reduction [142].

Choline has also been analyzed in AD as a possible biomarker in MRS studies. However,
contrasting data have been reported [145–151]. Inconsistent changes were also reported using MRS
testing GLX [143,152]. The advantages of MRS compared to other functional imaging techniques
are that it is more widely available, much less expensive, has no radiation risk and can be added to
the structural MRI sequences to extract useful information to help diagnosis. MRS can be used as a
follow-up imaging tool in therapeutic trials correlating the level of metabolites and pathological changes,
or it can be used as a tool to predict cognitive impairment in combination with other biomarkers.

However, MRS is still not routinely used clinically because further research is required to
standardize the techniques, to compare the results of MRS with other functional biomarkers and to
better understand the pathological substrates for metabolite abnormalities.

3.2. Functional Imaging

Functional imaging includes recently developed techniques not yet well applied in worldwide
routine clinical settings. In particular, these techniques include PET with different tracers, single photon
emission computed tomography (SPECT) and advanced MRI techniques such as functional MRI (fMRI)
and arterial spin labeling (ASL).

3.2.1. Single Photon Emission Computed Tomography (SPECT) and Perfusion Imaging

Another molecular technique useful in discriminating individuals with AD is SPECT, which is
able to detect both chemical and cellular changes linked to a disease through the use of highly targeted
radiotracers [153]. SPECT evaluates cerebral perfusion and shows good correlation with metabolic
changes. Perfusion hexamethylpropyleneamine oxime (HMPAO)-SPECT is seen as an alternative to
18F-FDG PET even though SPECT has lower sensitivity and specificity than FDG for the diagnosis of
AD [154]. Abnormalities on perfusion SPECT in AD are represented by hypoperfusions commonly
affecting temporoparietal areas in a bilateral distribution, with the posterior cingulate and medial
temporal areas particularly affected in AD and the sensory motor cortices, including the cerebellum,
largely spared [155]. Studies of the accuracy of SPECT for diagnosing AD report sensitivities of
65–85% and specificities (for other dementias) of 72–87% [156]. SPECT has the advantages of being
more widely available, cheaper than FDG PET and better tolerated by the patient. (HMPAO)-SPECT
was demonstrated to have less diagnostic accuracy than FDG PET; thus, it could be helpful for the
dementia/no-dementia comparison but not in differentiating AD from DLB [154].

3.2.2. PET

PET scanning is a well-established molecular imaging technique resulting in 3D images of what is
happening in a patient’s brain at the molecular and cellular level [157]. It is very accurate at diagnosing
AD and differentiating it from other dementias. Consensus agreements suggest the use of PET
biomarkers in patients suspected to be affected by AD without meeting NIA-AA criteria for dementia
and with a well-defined clinical and cognitive profile. In these cases, PET imaging might support
or exclude the clinically suspected etiology avoiding the unnecessary use of costly and potentially
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harmful treatments and allowing a rapid and accurate diagnosis. This has important positive impacts
on the patient, his family and society [158].

Several tracers with different specificity have been developed to study AD patterns in different
stages of severity. In particular, ligands were designed to study Aβ deposition, synaptic dysfunction
(mainly cortical hypometabolism) or tau fibrillary tangle deposition.

In the following sections we will briefly describe the most used PET ligands having diagnostic
and prognostic significance in AD.

PET and Metabolic Biomarkers

18F-FDG PET measures the glucose metabolism in different regions of the brain and represents a
metabolic marker in early diagnosis and preclinical detection of dementia, metabolic changes usually
becoming impaired before the appearance of detectable structural changes in the brain. This technique,
which also points to vascular deficits and impairment in the blood-brain barrier frequently found in
AD, can be used when the clinical diagnosis still remains in doubt to identify the causes of dementia
and to have a differential diagnosis. Hypometabolism in 18F-FDG PET is considered a biomarker of
neuronal dysfunction, neurodegeneration and synaptic disease.

Cerebral glucose hypometabolism has been consistently demonstrated in the medial temporal
lobe, posterior cingulate gyrus, parieto-temporal regions and/or frontal cortices of typical AD patients,
while it has been detected to be moderate in the basal ganglia, cerebellum, thalamus and sensorimotor
and visual cortices [159,160]. The observed metabolic changes associated with neocortical dysfunctions
may predict successive atrophy and suggest that a conversion of MCI to AD could occur within
several years [161,162]. Moreover, a correlation was reported between the performance of patients on
a cognitive test and the hypometabolic patterns during disease progress [163] and clinical symptoms
of cognitive impairment [164].

The use of FDG PET instead of structural MRI is suggested in rapidly converting early MCI
individuals, while structural MRI may outperform FDG PET in late MCI subjects [165,166]. The FDG
PET technique sensitivity as well as specificity are very high (>90%) in discriminating healthy elderly
individuals from AD, while the specificity was reported to be reduced (78%) in differential diagnosis
of AD and other dementia [167]. The use of FDG PET is limited by the fact that it is an expensive
technique that also requires exposure to ionizing radiation.

Like in the case of MRI reported above, PET images can also be assessed in different way. One
of them is visual inspection, but the efficacy of this largely depends on the experience of the reader,
and it might be very challenging in the study of patients with mild disease due to a lack of clear cut-off
between normal and abnormal values. In these cases, the use of standardized uptake value ratio (SUVr)
quantification is usually suggested instead of visual inspection. SUVr utilizes static imaging and is
evaluated in respect to a region without altered metabolism or with mildly affected metabolism in
AD [168].

PET and Amyloid Imaging Biomarkers

In the past decades, the possibility of direct imaging of AD brain lesions and in particular of
the presence of Aβ aggregates has been investigated and several tracers with different half-lives and
affinities to plaques have been engineered to be used for this purpose [169].

A lot of studies on Aβ deposition in AD are now available linking this pathological finding with
several other correlates such as aberrant entorhinal activity among cognitively normal older adults
and cortical thinning in frontoparietal regions [170,171]. Moreover, it was reported that Aβ deposition
may predict tau deposition during aging [172]. In fact, amyloid imaging studies highlighted that
the deposition onset usually starts in the posterior cingulate, restrosplenial cortex and precuneus
regions [111]. These brain regions are interconnected with the MTL, which, on the contrary, is a site for
early tau aggregation, and this suggests the possibility of an influence of anatomical and functional
connectivity between all these brain areas in the progression of the disease.
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Amyloid imaging uses PET technology to acquire images of the brain in order to display foci
of abnormal amyloid accumulation after an injection of a radiolabelled ligand specifically targeting
amyloid aggregates. Among tracers, the first ligand developed was the Pittsburg compound B (PiB),
a fluorescent derivative of the amyloid-binding histological dye, thioflavin-T [173]. Being the first
reported, it is also the best characterized amyloid tracer. It was demonstrated that it can bind selectively
with high affinity to fibrillar Aβ aggregates but not to amorphous Aβ deposits or NFTs [170,171].
In fact, studies reported in the literature demonstrate a high affinity of PiB to frontal, temporo-parietal
and posterior cingulate cortices, while minimal binding was reported in the cerebellum and other
regions with typical low density of Aβ plaques [174,175].

The use of the PiB tracer has a number of limitations including a very short life (around 20 min),
the need of an on-site cyclotron and 11C radiochemistry expertise, the fact that it has also displayed
retention in the brain of nondemented people [176] and high affinity for vascular deposits that could
also be observed in non-AD conditions [177] and, finally, it has low ability to detect soluble oligomeric
Aβ conformations considered to be highly pathogenic [178].

Due to these limitations in the use of PiB, newer fluorinated tracers with longer half-lives have
been developed and are increasingly used. They include Florbetapir F 18-Florbetapir F 18 (18F-AV-45),
Florbetaben (BAY 94-9172) and 18F Flutemetamol (Flute), which is structurally identical to PIB except
for one fluorine atom in the place of a carbon atom [179].

Despite the common agreement in considering amyloid PET as the most specific and sensitive
biomarker for AD, its usefulness in clinical settings is under evaluation [180]. It is suggested that this
technique should be used only in dementia expert centers to confirm AD diagnosis in atypical cases
or in the differential diagnosis between amyloid-associated dementia and non-amyloid pathology.
Notably, this technique is not able to discriminate among stages of dementia progression and has
the caveat in preclinical AD studies that 10–30% of cognitively normal individuals can have positive
amyloid PET [176,181].

PET and Biomarkers of Synaptic Damage or Loss

The existence of a strong association of synapses and AD pathophysiology is well known. Thus,
biomarkers of synapse damage or loss as proxies for synaptic and cognitive function in AD have
been studied. Very recently, new PET ligands ([11C]UCB-J, [11C]UCB-A and [18F]UCB-H) have
been developed labelling the synaptic vesicle glycoprotein 2A (SV2A) and allowing synapses to
be visualized in the living brain [182–184]. In particular, the use in PET scanning of [11C]UCB-J
demonstrated a reduction of approximately 40% of SV2A signal in the hippocampus of AD cases in
respect to cognitively healthy aged cases [185]. Although very few studies have been reported using
this approach to measure synapse loss longitudinally in AD, it appears that a direct measure of synapse
density is a very promising biomarker to be used probably in combination with one of the previously
reported biomarkers in CSF or MRI or FDG PET imaging biomarkers.

PET and Tau Biomarkers

The presence of NFTs, p-tau protein aggregates, in AD suggests the use of tau imaging as a
surrogate marker to predict cognitive decline or disease progression in AD.

Since 2002, selective tau PET tracers have been developed. The first tracers were quinolone and
benzimidazole derivatives with affinity to the PHF among tau aggregates. This target was optimal for
the use of the ligand because it co-occurs with Aβ. This created an additional challenge as the ligand
could bind both PHF and Aβ. However, a 25-fold selectivity for PHF over Aβ was achieved [186].

Among the first generation tau selective PET tracers, the two mostly studied were [18F]AV1451
and T-807. Beside the advantage of being able to replicate features of the Braak histopathological
changes, these tracers had two important limitations: they had increased striatal retention and they had
off-target binding to monoamine oxidase A/B [187]. Then, they were quickly substituted by a second
generation of new targets without off-target binding such as [18F]PI-2620 and [18F]MK-6240 [188].
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Through the use of these new ligands, a specific tau PET signature was reported in AD patients starting
from the transentorhinal/entorhinal cortex to the hippocampus and then extending to the rest of the
temporal lobe and neocortical regions [189]. This stepwise pattern typical in AD is not commonly
detected in cognitively normal individuals and could be then be used in staging the disease.

In more recent years, additional different tau selective PET tracers have been engineered to be used
for human studies: [18F]THK523, [18F]THK5117, [18F]THK5105, [18F]THK5351, [18F]AV1451(T807)
and [11C]PBB3 [190]. Despite the reported results being promising up to now, the characteristics of
tau intracellular aggregates, which are subjected to conformational changes and coexist with a high
concentration of amyloid deposition, complicate the use of tau imaging for clinical use. For future use
of this approach in the clinical setting, tau PET tracers must be developed with a higher selectivity and
affinity to tau compared to Aβ and they must be able to cross the blood-brain barrier without being
metabolized [186].

Novel PET Approaches: Inflammatory and Epigenetic Biomarkers

New imaging approaches to study AD are being developed. One of them is TSPO-PET, a PET
technique performed using a specific ligand for the translocator protein TSPO (previously named
peripheral benzodiazepine receptor), a mitochondrial membrane protein involved in several functions
relevant to neurodegeneration and upregulated in neuroinflammation. Increased TSPO expression was
detected in AD animal models, and it was demonstrated to correctly overlap with brain pathological
areas as well as with regions of increased immunohistochemical staining of TSPO [191]. Moreover,
the study of TSPO PET signals in preclinical trials of novel therapeutic AD models suggested that
it could be used as a biomarker to monitor treatment progress in clinical trials [192]. However,
new TSPO PET radioligands are needed due to the fact that those currently available lack high affinity
to a prevalent polymorphic form of TSPO (A147T) [193].

Another novel PET approach to AD is imaging epigenetics ([11C]Martinostat PET).
Epigenetics consists of several newly detected mechanisms involved in regulating gene expression.
The two main epigenetic mechanisms, both modifying chromatin structure, are DNA methylation
and histone acetylation. The latter, and in particular the involved histone deacetylase (HDACs), is
the mechanism targeted by [11C]Martinostat PET. In fact, the Martinostat radiotracer was designed
with high specific binding of a subset of class I HDAC enzymes (isoforms 1, 2 and 3) and thus is
able to image HDAC density with favorable kinetics and high affinity [194]. The rationale for the use
of this PET approach for studying AD resides in the observation that epigenetics has a role in the
dynamic process of learning and memory and that it is altered by AD pathology. However, there is
not a clear causal-consequence correlation between epigenetics and AD owing to the observation that
some epigenetic changes arise after AD onset [195,196] while other changes arise before the disease
presentation [197]. HDAC expression was reported to be lowest in the amygdala and hippocampus
among gray matter regions in healthy adults [198]. A new epigenetic PET tracer has been recently
developed (the fluorinated variant of [18F]MGS3) showing specific binding, comparable brain uptake
and regional distribution to [11C]Martinostat, but due to technical limits in the radiosynthesis process
no validation has been done [199]. Epigenetic imaging is still a new technique and will be further
improved, but it might become useful in analyzing gene regulatory processes underlying AD and
might be considered in the future as a biomarker for AD.

3.2.3. fMRI and Metabolic Markers

Functional MRI (fMRI) consists of the acquisition of brain images during a specific brain activity and
in a basal state, and it measures the oxygen concentration of certain specific brain areas corresponding
to particular stimuli or cognitive tasks [200,201]. fMRI studies showed a decrease in coordinated
activity of AD patients in the hippocampus and inferior parietal lobes and cingulate cortex compared
with healthy controls [202,203]. fMRI can be performed in resting state to study synaptic integrity
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and circuit connectivity or be performed in task-activated state to study reduced inhibition and
hippocampal hyperactivity.

In preclinical AD, resting state fMRI (rsfMRI) has been linked to metabolic changes and
precedes neurodegeneration (reviewed by [204]). Most rsfMRI analyses focused on the default
mode network (DMN) that involves the medial prefrontal cortex, posterior cingulate cortex, precuneus,
anterior cingulate cortex, parietal cortex, and the medial temporal lobe, including the hippocampus.
These studies demonstrated widespread changes in DMN connectivity in MCI and AD [205–208].
Other studies pointed also to a disruption in the connectivity within the MTL (between the entorhinal
cortex and the dentate and CA3 regions of the hippocampus) [209] and in other networks [210].
Functional connectivity is then considered an early marker of synaptic pathology due to isolation of
the hippocampus from its cortical input.

Task-activated fMRI was also used in several studies and resulted in a number of observations:
mild AD cases have a decrease in hippocampal activity similar to more impaired MCI patients [211];
the extent of hippocampal hyperactivation at baseline predicted cognitive decline as measured by
the CDR-SB scores over four years after scanning [212]; the hyperactivation is specific to the DG/CA3
subregions of the hippocampus [213].

3.2.4. Arterial Spin Labelling ASL and Metabolic Markers

ASL perfusion MRI is a non-invasive technique for measuring cerebral blood flow (CBF)
using magnetically labelled arterial blood water protons as endogenous tracers [214]. This technique
has been studied to evaluate the possibility of using it instead of FDG PET in AD diagnosis,
ASL being cheaper, with no radiation risk and more widely available. These studies revealed a
good concordance of ASL and FDG PET results with comparable diagnostic accuracy [215]. Given the
possibility of adding ASL to routine structural MRI protocols without additional cost, it appears a
promising method for classifying the degree of neurodegeneration in individuals with prodromal AD.
However, some limitations that are still present (e.g., the sensitivity to blood velocity and arterial transit
time, the interferences occurring in the presence of steno-occlusive disease or other cerebrovascular
pathology and the sensibility to head motion) are still reducing its clinical use [216].

4. Ocular Biomarkers of AD

Very recently, several groups started to consider the ocular examination as new non-invasive tool
for AD screening and diagnosis. The rationale for the focus on eyes is that they have an origin that is
similar to the brain’s and that neurons in the cerebral cortex are similar to those in the retina [217–219].
Changes in the neural and non-neural ocular tissues have been reported in AD [220]. These include
accumulation of Aβ and degeneration of retinal axonal and neural tissue.

In the cornea of AD patients, several abnormalities have been reported including corneal lattice
dystrophies, degeneration of the corneal sub-basal nerve plexus, corneal nerve fiber pathology and
decreased corneal sensation [221–223]. The detection in the aqueous humor (AH) of Aβ in patients
with pseudoexfoliation syndrome and glaucoma suggested a link between these conditions and
AD and the usefulness of searching for APP and Aβ in the AH as a biomarker of the disease [224].
Studies are needed to check whether AD has a direct or indirect neurotoxicity on the corneal nerve
plexus. A correlation between AD and changes in the crystalline lens was also reported in a number of
studies, making it a promising biomarker tissue for disease diagnosis. In particular, patients show a
progressive loss in the transparency and cataractous changes of the otherwise transparent crystalline
human lens [102].

Changes have also been reported in several aspects of the retina. In particular, retinal vessels of
AD patients show reduced caliber of retinal veins, reduced arteriolar and venular fractal dimensions,
smaller, more tortuous and sparse retinal vessels and reduced flow of blood [225,226]. Moreover,
a thinning of the retinal nerve fiber layer and the degeneration of the retinal ganglion cell were also
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reported in AD patients [227,228]. An optical retinal imaging platform has also been developed to
detect Aβ plaques in retina in AD [229].

The use of ocular biomarkers will be very helpful in the future in diagnosing AD at an early stage
or to follow-up the patient during treatment with therapeutic agents. However, their implementation
to the population for screening purpose remains a challenge.

5. Conclusions

Despite the high diagnostic accuracy of the established CSF biomarkers for AD, Aβ42, t-tau and
p-tau, several other candidates in alternative non-invasive biological fluids have been recently
investigated for their potential clinical use in support of early AD diagnosis and prognosis (Table 6).
Advancements in ultrasensitive assays enabled the precise measurements of analytes and decreased
the intra- and inter-laboratory variation, helping to identify novel candidate biomarkers as well as to
support harmonization efforts for the core biomarkers for AD. An increasing number of molecules
have been identified so far and the highest potential was reached for NfL in both CSF and blood,
lactoferrin in saliva and Aβ42 and p-tau in plasma. Nevertheless, there are several issues related to
most of the presented potential AD fluidic biomarkers: they often come from a single study or there
is significant inconsistency in the results from different studies. Additionally, pre-analytical sample
processing should be standardized, analytical methods validated and the impact of other factors,
such as age, presence of comorbidities and disease diagnosis/stage, must be thoroughly evaluated.
Advanced imaging techniques partially overcome these limitations, allowing the identification of
AD-related structural and functional biomarkers (Table 7). They provide easily interpretable data for
determining AD stage, giving a very high accuracy for disease diagnosis. The useful in clinical settings
of several imaging approaches and novel biomarkers is still under evaluation. In fact, the use of each
technique shows both limits and advantages and additional studies are required to define which one
could be the best. Moreover, brain imaging is expensive, time-consuming and the equipment is not
always available, thus limiting access to most of population. In this context, the recent developed
biosensors are emerging as promising alternatives for rapid, low-cost and simple diagnosis for AD,
even in the early stages. With high sensitivity and selectivity, they represent excellent analytical tools
which have applications in detecting AD biomarkers, being applicable to easily sampled biological
fluids, including blood, urine and tears.

Table 6. Main advantages and disadvantages of biological fluid biomarkers for Alzheimer’s disease.

Fluid Advantages Disadvantages

CSF Reliability Invasiveness

blood accessibility, reproducibility
need for validation, low protein concentration,

difficulty of detection due to the presence of
proteases or protein carriers

saliva accessibility, cost-effectiveness requirement of normalization, influence by circadian
rhythm, flow rate and time of sample collection

urine ease of normalization on creatinine need of validation in larger and longitudinal studies

tears information on systemic
pathophysiological processes need for validation on large scale populations

It is now commonly ascertained that the best way to adequately make a diagnosis of AD and
the staging of the disease progress is to combine two or more of the above-reported biomarkers,
particularly mixing together fluidic molecular analysis and imaging studies. The choice of which
specific biomarkers and techniques to combine depends on the case under evaluation. In particular,
different combinations will be properly used for studying AD patients at different stages of the disease
or in monitoring the course of AD during drug treatment and clinical trials or finally in differential
diagnosis. This is due to the fact that each biomarker and technique has different efficacy in the
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diagnosis, prognosis and staging of the disease. However, great attention still needs to be paid to several
aspects of study design, sample collection, sample measurement and data analysis, and international
collaboration to standardize assays and study protocols, as well as to recruit sufficiently large cohorts,
will facilitate future biomarker discovery and development.

Table 7. Summary of characteristics of main “dry” biomarkers for Alzheimer’s disease.

Imaging Biomarker
Type of

Information
Early Changes Predictive for AD Limits

MRI Imaging N need patients’ collaboration
time-consuming analyses

Morphometric technique
Hippocampal segmentation

DTI

most studied, good predictive value
promising tool, more studies are needed

Functional technique
fMRI
ALS

promising tool, more studies are needed
more studies are needed

Nuclear Medicine Imaging

Perfusion SPECT
PET Imaging

FDG PET
N

invasiveness, ionizing radiation
invasiveness, ionizing
radiation expansive,

Amyloid PET
Tau PET

N
P
P

invasiveness, ionizing
radiation expansive

low specificity
small studies

D, Aβdysfunction; N, neurodegeneration; P, pathognomonic; AD, pathological deposition of amyloid or fibrillary tau.

Studies should still be addressed towards the identification of a non-invasive biomarker for
predicting AD before the onset of symptoms. Despite extensive research worldwide, no diagnostic
method is currently available for pre-clinical AD and the existing treatments are only symptomatic.
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Abstract: An accurate diagnosis of Alzheimer’s disease (AD) currently stands as one of the most
difficult and challenging in all of clinical neurology. AD is typically diagnosed using an integrated
knowledge and assessment of multiple biomarkers and interrelated factors. These include the patient’s
age, gender and lifestyle, medical and genetic history (both clinical- and family-derived), cognitive,
physical, behavioral and geriatric assessment, laboratory examination of multiple AD patient biofluids,
especially within the systemic circulation (blood serum) and cerebrospinal fluid (CSF), multiple
neuroimaging-modalities of the brain’s limbic system and/or retina, followed up in many cases
by post-mortem neuropathological examination to finally corroborate the diagnosis. More often
than not, prospective AD cases are accompanied by other progressive, age-related dementing
neuropathologies including, predominantly, a neurovascular and/or cardiovascular component,
multiple-infarct dementia (MID), frontotemporal dementia (FTD) and/or strokes or ‘mini-strokes’
often integrated with other age-related neurological and non-neurological disorders including
cardiovascular disease and cancer. Especially over the last 40 years, enormous research efforts have
been undertaken to discover, characterize, and quantify more effectual and reliable biological markers
for AD, especially during the pre-clinical or prodromal stages of AD so that pre-emptive therapeutic
treatment strategies may be initiated. While a wealth of genetic, neurobiological, neurochemical,
neuropathological, neuroimaging and other diagnostic information obtainable for a single AD patient
can be immense: (i) it is currently challenging to integrate and formulate a definitive diagnosis for
AD from this multifaceted and multidimensional information; and (ii) these data are unfortunately
not directly comparable with the etiopathological patterns of other AD patients even when carefully
matched for age, gender, familial genetics, and drug history. Four decades of AD research have
repeatedly indicated that diagnostic profiles for AD are reflective of an extremely heterogeneous
neurological disorder. This commentary will illuminate the heterogeneity of biomarkers for AD,
comment on emerging investigative approaches and discuss why ‘precision medicine’ is emerging as
our best paradigm yet for the most accurate and definitive prediction, diagnosis, and prognosis of
this insidious and lethal brain disorder.
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1. Overview

Senile dementia is the progressive, age-related loss of memory and cognition sufficiently
severe to irreversibly affect social, behavioral, perceptual, occupational, and functional capabilities.
Recent statistics indicate that globally, about ~50 million people live with dementia, now costing an
estimated one trillion dollars in annual healthcare. By 2050, the number of people with dementia is
projected to increase to ~130 million. In the United States, Alzheimer disease (AD), the leading cause
of senile dementia in the elderly, currently affects about ~6 million people age 65 and older; by 2050,
the number of people aged 65 and older with AD will grow to a projected ~15 million if no medical
breakthroughs occur to prevent, slow, or cure this incapacitating disorder of the human mind [1–3].
One hundred and fourteen years since its original description, despite immense research efforts and
clinical trials employing multiple strategic therapeutic approaches, there is currently no adequate
treatment or cure for this widely expanding socioeconomic and healthcare concern [2–8].

The discovery, characterization, and quantification of biomarkers as measurable substances
or cognitive disruptions in the ‘prospective AD patient’, whose presence are indicative of disease,
are urgently needed so that: (i) AD may be more accurately diagnosed, especially at an earlier
‘prodromal’ stage and with the goal of preventive and or targeted therapeutic strategies that may
be implemented at the earliest signs of AD onset; and (ii) more effective and reliable integration
of multi-modal biomarkers for AD that can streamline, support, and strengthen the diagnostic
and therapeutic decision-making. Remarkably, peer-reviewed publications on biomarkers for
AD have yielded almost ~53,000 original research reports and reviews since 1983 crossing the
words ‘Alzheimer’s disease’ and ‘biomarkers’; [2,3,8–10]. These include observations on the classical
and established AD biomarkers [11–14], including altered genetics (incorporating genome-wide
association studies or GWAS), genetic mutations and gene modifications (including methylation
and post-transcriptional modifications), end-stage neurotoxic and pathogenic metabolic products
that accumulate in AD brains, such as multiple forms of tau aggregates and amyloid-beta (Aβ)
aggregation species and plaques. AD biomarkers also include protein, lipid, proteolipid, inflammatory
cytokine, chemokine, carbohydrate, microRNA (miRNA), and messenger RNA (mRNA) abundance,
speciation, and complexity, as well as an evolving assortment of neuro-radiological and neuroimaging
technologies (Table 1). AD biomarkers are certainly useful in the detection of dementing illness during
its progressive course, and their appearance and magnitude correlate with cognitive loss in a dynamic
way, allowing clinicians to monitor responses to therapeutic intervention across a background of aging
of the AD patient.
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Table 1. Multiple interrelated factors contribute to AD. The considerable heterogeneity of Alzheimer’s
disease (AD) appears to be mediated in part by a highly interconnected network of biological factors,
and each of these can be used as diagnostic biomarkers which appear to each have a variable potential
to contribute to AD-type change. There is abundant evidence that all 23 of these biomarkers and/or
factors (listed alphabetically) contribute to AD initiation, onset, or propagation, and there may be
other important biological factors and other elements that may contribute to this complex neurological
disease that we have not yet recognized or even considered. Data derived from each of these
multiple biomarkers and factors combined is amenable to systems and network analysis, information
integration, and the application of precision medicine that should ultimately yield a more accurate
diagnosis of AD at any stage of the disease (see text for references; specific references to the biomarkers
listed in Table 1 can be found in [15–29]. Abbreviations: BACE = β-amyloid cleavage enzyme;
CRP = C-reactive protein (a blood-serum-based inflammatory biomarker); lncRNA = long non-coding
RNA; PSI, PS2 = presenilin 1, presenilin 2; rRNA = ribosomal RNA; sncRNA = sall non-coding RNA.

age and age-related effects;
amyloid (Aβ40 and Aβ42 peptides);

compartmentalization of biomarkers [brain tissue,
extracellular fluid (ECF), CSF, blood serum, urine];

cytokine storm (cytokines and chemokines);
environment and environmental effects;

epigenetics (methylation, mRNA and miRNA editing);
exosomes and extracellular micro-vesicles (EXs and EMVs);

gender and gender-related effects;
genetics (mutations in BACE, PS1, PS2, etc.,);

gastrointestinal (GI) tract microbiome;
innate immunity;

Neuro-inflammatory markers (CRP);
inter-current illness (cardiovascular disease);

lifestyle (diet, smoking);
messenger RNA (mRNA);

microbial contribution (viral, bacterial, fungal, other);
microbiome (oral, other);

microRNA (miRNA);
miRNA-mRNA linking patterns;

misdiagnosis;
oral microbiome and dental hygiene;

other RNA (sncRNA, lncRNA);
overlapping neurological disorders:

[Downs syndrome (Trisomy 21),
frontotemporal dementia (FTD),

multi-infarct dementia (MID),
neuro-vascular disease, prion disease (PrD), etc.,].

As improvements in AD diagnostics are based on advances in both AD biomarker acquisition
and the technologies used to gain these data, below we briefly discuss some of the most recent
advances contributing in a major way to the more accurate and comprehensive accrual of important
AD biomarker data.

2. Novel, Emerging, and Advanced Diagnostic Biomarkers for AD

2.1. Analysis of Exosomes (EXs), Extracellular Microvesicles (EMVs), and Their Molecular Cargos

Currently, the complex molecular cargos of exosomes and extracellular microvesicles (EXs and
EMVs) have emerged as one of the most representative, significant, dependable, and trustworthy of all
AD biomarkers. Typically, EX and EMV cargos consist of various mixtures of protein, lipid, proteolipid,
cytokine, chemokine, carbohydrate, microRNA (miRNA) and messenger RNA (mRNA), and other
constituents including end-stage neurotoxic and pathogenic metabolic products. These in part, consist
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of tau proteins, amyloid beta (Aβ) peptides, alpha-synuclein, TAR DNA-binding protein 43 (TDP-43)
and others. EXs and EMVs (i) have been analyzed in the cerebrospinal fluid (CSF), blood serum, and
post-mortem tissues of AD patients; (ii) are derived from their cells of origin and typically contain
hundreds of different signaling molecules, many of which are potentially pathogenic and may be
involved in the horizontal spread of neurological disease from one brain region to another; (iii) may
represent a defined class of plasma membrane-derived nanovesicles released by all cell lineages of the
human central nervous system (CNS); and (iv) as potential biomarkers, may contribute to an additional
element of certainty into the diagnostic assessment of AD [20,21,26,30–32].

2.2. The Evaluation of Neurotropic Microbes in AD as Potential Diagnostic Biomarkers

There is a wealth of data indicating that neurotropic microbes including both DNA and RNA
viruses (such as Herpes simplex 1 or SARS-CoV-2) or bacterial Phyla such as Proteobacteria, Verrucomicrobia,
Fusobacteria, Cyanobacteria, Actinobacteria, and Spirochetes or microbe-derived viral, fungal, or prokaryotic
cellular components or microbial neurotoxins have high affinity for neural cells of the human brain
and CNS [24,33–41]. Multiple independent laboratories continue to report the detection of viral,
bacterial, fungal, protozoal, or other microbially-derived nucleic acid sequences or neurotoxins, such as
highly inflammatory bacterial amyloid peptides, lipopolysaccharide (LPS), and many microbe-derived
endotoxins within AD affected brain tissues [24,29,34,36,39,40]. Microbial biomarkers and systems
biology approaches to understand host–microbiome interactions have been suggested by multiple AD
researchers that both: (i) predict the risk of developing AD well before the onset of cognitive decline;
and (ii) stimulate and/or accelerate the development of classical AD neuropathology [24,34,39,41–44].

Whether these viral, bacterial, or other microbial DNA- or RNA-based nucleic acids or associated
lipoproteins, liposaccharides, peptidoglycans, bacterial-derived amyloids, and/or neurotoxins originate
from the gastrointestinal (GI) tract microbiome, a potential brain microbiome, or some dormant
pathological microbiome is currently not well understood [24,35,36,40,43,45]. Since 1978, at least
~4400 peer-reviewed research articles provide convincing evidence that multiple species of microbes,
including viruses, bacteria (especially Gram-negative bacteria), and other microorganisms or their
secreted components are strongly associated with the onset and/or the development of AD-type
change [24,29,33,34,41–43,46]. If microbial presence in the brain is involved in the early initiation or
propagation of AD, as currently suspected, then specialized RNA-sequencing applications or nucleic
acid-containing gene chips, electrochemical biosensors, or panels of microbial-derived 16S ribosomal
RNA (rRNA) interrogated with nucleic acid probes derived from AD biofluids might be useful as
novel AD biomarkers in the detection of microbial patterns of expression from human brain tissues at
any stage or degree of AD neuropathology.

2.3. Linking microRNA-messenger RNA (miRNA-mRNA) Signaling Patterns in AD

DNA microfluidic array technologies, quantitative reverse transcription PCR (RT-qPCR),
RNA sequencing, LED-Northern, Western immunoassay, and electrochemical biosensors, integrated
by advanced bioinformatics tools have uncovered families of up-regulated human brain enriched
microRNAs (miRNAs) and their down-regulated messenger RNA (mRNA) targets. These have
been found in short post-mortem interval (PMI) sporadic AD brain, in transgenic animal models
of AD (TgAD), in brain biopsies, and in biofluids from AD patients. Genome-wide association
studies (GWAS), epigenetic evaluations, such as miRNA-mRNA linkage or association mapping
for AD-relevant neurological pathways, should provide useful diagnostic approaches since it has
recently become apparent that miRNA-mediated mRNA-targeted regulatory mechanisms involve a
large number of pathogenic and highly integrated gene expression pathways in the CNS [25,32,45–48].
To cite one very recent example, the human-brain-resident, nuclear factor kappa B p50/p65 (NF-κB
p50/p65)-regulated microRNA-146a (miRNA-146a) is an inducible, 22-nucleotide, single-stranded
non-coding RNA (sncRNA) easily detected in CNS neurons and immunological cell types. An inducible
miRNA-146a: (i) is significantly up-regulated in AD brain tissues, CSF, and blood serum [25,48]; (ii) is
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an important epigenetic modulator of inflammatory signaling and the innate-immune response in
several neurological disorders; and (iii) is essential in the down-regulation of the innate-immune
regulator complement factor H (CFH; [10,20,23,25,40,46,49]).

LPS- and NF-kB (p50/p65)-inducible microRNAs, such as miRNA-146a and miRNA-125b, appear to
contribute to neuropathological, neuro-inflammatory, and altered neuro-immunological aspects of both
AD and prion disease (PrD; [25,32,40,46,48–50]). Interestingly, NF-κB-sensitive up-regulated miRNAs
and their down-regulated mRNA targets appear to constitute an integrated NF-κB-miRNA-mRNA
signaling network implicated in multiple AD pathophysiological processes [10,40,45,48,50,51].
Hence, potential signaling pathways to the acquisition of the AD phenotype appear to occur in
part via an integrated and highly complex system of multiple miRNA-mRNA interactions that define
many key pathogenic and pro-inflammatory gene expression pathways. Genetic and epigenetic
signaling via miRNA-mRNA networks in the brain may be one of the most useful as potential
biomarkers for early AD detection as they can detect subtle failure in multiple AD-relevant brain
signaling systems and metabolic pathways [10,25,45,49,51].

2.4. Recent Advances in Neuro-Radiological and Neuroimaging Technologies

A number of neuro-radiological and neuroimaging technologies are currently being used to view
physical atrophy and structural change in specific anatomical regions of the human brain, such as
the hippocampus, neocortex (gray matter), white matter, ventricles, and other brain regions for the
purpose of acquiring real time data for the diagnosis of AD [19,28,52–61]. These neuroimaging
technologies and structural and functional imaging techniques include computerized tomography
(CT; including dual-energy CT), positron emission tomography (PET), scintigraphic neuroimaging
(PET-SN), diffuse optical imaging (DOT), structural and functional magnetic resonance imaging
(MRI), including ultra-high field MRI (UHF-MRI), magnetoencephalography (MEG), single-photon
emission computed tomography (SPECT), cranial ultrasound, and functional ultrasound imaging
(fUS) in the search for anatomically-based diagnostic biomarkers for AD with high accuracy and
sensitivity [19,28,57–62]. Neuroimaging techniques, hardware and software design, and imaging
resolution are being constantly improved, updated, and refined [28,60–62]. For example, with high
signal-to-noise (S/N) ratios, improved contrast and unparalleled spatial resolution, ultra-high
field MRI of ≥7 tesla (T) has been highly successful in imaging the neuroanatomy of highly
focused brain regions targeted by AD pathophysiology while providing additional information on
morphological, quantitative, and subtle metabolic changes associated with early AD-type pathological
alterations [57,61]. In vivo biomarkers for AD performed by recently implemented scintigraphic
neuroimaging and employing amyloid binding PET agents along with non-scintigraphic biomarkers
from blood (plasma/serum) and CSF have provided unique and novel opportunities to investigate the
pathogenesis, prodromal changes, and time course of the disease in living individuals across the AD
continuum [19,28,61–63]. Imaging technologies have indicated that AD changes in brain tissues begin
as much as ~25 years prior to the onset of clinical symptomatology [28,61,63,64]. The opportunities
afforded by in vivo biomarkers of AD, whether by blood (plasma/serum) or CSF examination or imaging
technologies, are beginning to transform the strategic design of AD therapeutic trials by shifting the
focus to the preclinical stages of the disease and massively integrating both molecular-based and
neuroimaging data [60,61,63–67].

3. AD Biomarkers and Post-Mortem Neuropathological Examination of the AD Brain

Classically, the diagnosis of AD was a clinic-pathological one and there was a considerable error
rate in the clinical diagnosis, especially early in the course of the disease. The differential diagnosis
for AD by exclusion was confounded by a great many clinically overlapping neurological disorders
including, mainly, MID, FTD, prion disease, tumors, subdural hematomas, neurovascular disruption
and disease, and others [4–6]. Early neurophysiological diagnostic observations of AD included
a diffusely slow electroencephalogram (EEG) and reduced cerebral blood flow [4,5,7]. Early PET
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studies demonstrated that oxygen extraction in the AD brain was relatively normal, thus tentatively
excluding ischemia as a potential pathogenic factor [4,5,64]. Morphological pathological changes
including the appearance of amyloid-enriched senile plaques (SP) and neurofibrillary tangles (NFT),
widely distributed in neocortex but excluded from the basal ganglia, thalamus, and substantia nigra,
and a severe loss of large neocortical neurons, were ‘classical’ diagnostic characteristics of the AD
patient [4–8].

Usually at the family or care-giver’s request, post-mortem neuropathological examinations of
the deceased AD patient’s brain were routinely performed by qualified AD-trained specialists and
neuropathologists and brain tissues were often subsequently provided to AD researchers for further
molecular-genetic and biomarker research including the examination for the presence of AD-relevant
brain lesions. Light microscopy, NFT and SP amyloid dyes (such as Congo red, Thioflavin S, Thioflavin
T and methylene yellow), and antibody-based staining (such as 6E10 and 10G4), the evaluation, density,
composition, and quantitation of NFT and SP amyloid, and the examination of blood (plasma/serum) or
CSF amyloid were additional indicators of immune- or inflammatory-neuropathology in the individual
AD patient, which often contributed to the confirmation of AD in the ‘prospective AD patient’.
Currently, in many medical schools in the US and Canada, the post-mortem examination of the AD brain
still remains the classical exercise to certify and verify the existence of AD. It is generally appreciated
that the application of ‘precision medicine’, involving massively integrated data sets of multi-faceted
AD biomarkers, data-driven analytical methodologies, and the application of systems theory, will
challenge and may eventually supersede the need for the classical post-mortem neuropathological
examination of the brain in order to verify and confirm the diagnosis of AD [10–16,22,59,64,65,68].

3.1. Challenges in the Validation of AD Biomarkers

There are inherent problems in current approaches to AD biomarker research: (i) as most
early reports emphasized just one or at most a few AD molecular-genetic biomarkers, biophysical,
and neuroimaging modalities without consideration of the other hundreds or thousands of proteins,
peptides, carbohydrates, lipids, or DNA and multiple species of RNA that have been previously
implicated as being ‘probable’ diagnostic markers for AD; (ii) very often the nature of the acquisition of
AD biomarkers represented a ‘snapshot in time’ of one specific portion of the AD continuum that does
not take into consideration the time course of changes observed in AD and/or the progressive nature of
the disorder; (iii) because easily accessible and non-invasive AD biomarkers are often limited in their
diagnostic applicability because of their overlap with other neurological diseases related to AD, such as
Down’s syndrome, Parkinson’s and Lewy body disease, prion disease, FTD, hippocampal sclerosis,
and MID and stroke; and (iv) no single newly generated de novo biomarker has ever been found to
be associated with AD; that is, fluctuations in the abundance of pre-existing AD biomarkers reflect
significant and absolute differences in the quantity, speciation, and stoichiometric relationships of
AD-related biomolecules, including indicators of pro-inflammatory and immune system dysfunction.
Put another way, no ‘specific’ AD biomarker ‘suddenly appears’ at the earliest onset, or propagation,
or throughout any time-point during the course of AD, or at any stage of cognitive failure for that
matter. Rather, it is usually a quantifiable up-regulation or down-regulation of an already existing
biomarker in a specific anatomical region or biofluid compartment that has been the most consistently
observed in the progressively degenerating brain. To cite a recent example, over 50 susceptibility genes
and gene loci have been associated with late-onset AD and multiple models have been proposed [27],
however, these associations are relatively rare and non-penetrant, occur in a few but not all AD cases,
adding to the complexity and heterogeneity in the diagnosis of AD [15,56,58,63,64,69,70]. To further
confound the establishment of definitive AD biomarkers, AD is commonly associated with more
than one single neuropathology, in the case of AD usually with cerebrovascular and/or neurovascular
involvement, and every one of these ancillary neurological disorders can carry their own set of complex
and often overlapping disease biomarkers [10,63,64,69,70].
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Especially over the last 10 years, the progressive and steadily increasing accumulation of
molecular, genetic, epigenetic, neuroimaging, clinical, and geriatric data acquired from multiple AD
cohorts has significantly increased our appreciation and understanding of the intrinsic variability and
heterogeneity of AD biomarkers associated with the continuum of AD and other forms of progressive
age-related neurodegenerative disease. The generation of massive datasets integrating multiple genetic-,
epigenetic-, molecular-, and neuroimaging-derived biomarkers is enabling the application of clustering
techniques and the identification and stratification of AD subtypes that may further categorize the
multiple aspects of AD heterogeneity [10–18,67–70]. These approaches hold great potential: (i) for
improving both the diagnosis and prognosis of AD; (ii) for projecting the clinical and neurological
evolution of AD for planning suitable directions in therapeutic mediation; (iii) in providing multiple
opportunities for the more directed analysis of AD heterogeneity in a data driven manner; (iv) in
providing strategic guidelines for more decisive therapeutic intervention and the more efficacious
clinical management of AD; and (v) for advancing ‘precision medicine’ not only for the individual AD
patient, but also for other cases of inflammatory neurodegeneration and neurological disease.

3.2. Using Precision Medicine in the Diagnosis of AD

Multiple analytical molecular-genetic approaches, advances in geriatric psychiatry and clinical
evaluation, advancements in neuro-radiological labelling techniques and neuroimaging technologies,
integrated diagnostic and predictive strategies and methodological improvements, discoveries of the
comprehensive pathophysiological profiles of complex multi-factorial neurodegenerative diseases:
(i) are presently well within the capabilities and scope of contemporary clinical, medical, and diagnostic
neurology; (ii) are currently yielding increasingly large volumes of biomarker data for both individual
AD patients, large populations of AD cases and age- and gender-matched controls; and (iii) are
providing a data-driven basis for the paradigm shift of using the ‘precision medicine’ approach
in AD prevention, diagnostics, prognostics, and therapeutics [10,13,14,16,22,27,64]. Less common
clinical presentations of AD are becoming increasingly recognized, adding to the increasing volume of
AD biomarker data [10,14,17,19,64]. Since one of the pillars of ‘precision medicine’ is supported by
biomarker-derived medical data, further improvements in the acquisition, integration, interpretation,
and bioinformatics aspects of clinical data and the coordination and analysis of clinical, laboratory,
molecular-genetic, and neuroimaging data, geriatric and psychological information and related
healthcare resources should obtain significantly increased accuracy in the diagnostic synopsis for
the “prospective AD patient”. The significant heterogeneity of the AD condition: (i) will certainly
benefit from an equally wide variety of AD biomarker-derived ‘precision medicine’-oriented treatment
approaches and/or data-driven pharmacological strategies; and (ii) whose biomarker-based therapeutic
design will greatly improve the current situation regarding the healthcare, more effective and successful
treatment, and the development of disease-modifying drugs for AD patients at any stage of the
disease [10,22,65,68,71].

4. Summary

The ongoing search for valid biomarkers for AD is being carried out globally in at least a dozen
major geriatric, bioinformatic, neurobiological, neuro-genetic and neurological bioscience arenas:
(i) those involving the age, gender, and geriatrics of the ‘prospectiveAD patient’; (ii) in the genetics
and epigenetics of the AD patient including messenger RNA (mRNA) and microRNA (miRNA)
signaling patterns, complexity and genomic methylation research; (iii) in multiple biofluids from
AD patients including the blood (plasma/serum) of the systemic circulation, the glymphatic system,
the cerebrospinal fluid (CSF) and/or urine; (iv); through the detailed analysis of molecular cargos
from both biofluids and tissue-compartmentalized exosomes and extracellular microvesicles (EXs and
EMVs); (v) throughout the peripheral nervous system (PNS; typically using skin biopsies); (vi) via
clinically-based geriatric, psychiatric, and neurological assessment and testing; (vii) via advances in
neuro-radiological labeling techniques and neuroimaging technologies including CAT, PET, PET-SN,
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MRI, fMRI; UHF-MRI, DOT, MEG, SPECT, cranial ultrasound, functional ultrasound (fUS) imaging, and
immunohistochemistry involving confocal laser scanning microscopy and other advanced microscopic
and neuroimaging techniques; (viii) from the quantitation and characterization of the load of microbial
and microbial-derived components in the AD-affected brain; (ix) via the identification, quantitation,
and characterization of AD-specific lesions including amyloid peptide-enriched SPs and NFTs; (x) after
post-mortem examination and biopsies of AD cases, again matched up against those same biomarkers
in age- and gender-matched neurologically normal controls to corroborate the prospective diagnosis
of AD; (xi) via the comprehensive analysis of the potential contribution of overlapping progressive,
age-related neurological disorders to AD-type change; and lastly (xii), through the assessment of the
socioeconomic, environmental, and lifestyle factors of the ‘prospectiveAD patient’ (Table 1). The recent
application of highly integrated data sets of these multiple AD biomarkers and analytical techniques
on large cohorts of AD patients and involving systems-biology and ‘precision medicine’ may well
serve to unravel many of the more intricate aspects of AD heterogeneity and expand and build on
current therapeutic strategies to more effectively address both the diagnosis and clinical management
of this devastating neurological disease.
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Abstract: Like several neurodegenerative disorders, such as Prion and Parkinson diseases,
Alzheimer’s disease (AD) is characterized by spreading mechanism of aggregated proteins in the
brain in a typical “prion-like” manner. Recent genetic studies have identified in four genes associated
with inherited AD (amyloid precursor protein-APP, Presenilin-1, Presenilin-2 and Apolipoprotein E),
rare mutations which cause dysregulation of APP processing and alterations of folding of the
derived amyloid beta peptide (Aβ). Accumulation and aggregation of Aβ in the brain can trigger
a series of intracellular events, including hyperphosphorylation of tau protein, leading to the
pathological features of AD. However, mutations in these four genes account for a small of the
total genetic risk for familial AD (FAD). Genome-wide association studies have recently led to the
identification of additional AD candidate genes. Here, we review an update of well-established,
highly penetrant FAD-causing genes with correlation to the protein misfolding pathway, and novel
emerging candidate FAD genes, as well as inherited risk factors. Knowledge of these genes and of
their correlated biochemical cascade will provide several potential targets for treatment of AD and
aging-related disorders.

Keywords: Alzheimer’s disease; APP mutations; APOE alleles; PSEN1; PSEN2; germline mutations;
late onset AD; early onset AD; familial AD; genetics of AD

1. Introduction

Alzheimer’s disease (AD) is responsible for about 60–70% of cases of dementia, equivalent to
an estimated population of 40–50 million persons worldwide. This more than doubled from 1990 to
2016 [1]. Typically, AD is featured by a progressive neurodegeneration that lead to a gradual loss
of memory and alterations affecting other cognitive functions, such as spatial cognition, reasoning,
word-finding, judgment and problem-solving [2]. Aging is the most important AD risk factor and,
even if it may occur at any age, more often AD appears in older individuals (later than 65 years of
age) [3,4]. However, early onset AD cases, characterized by the occurrence of clinical signs between
30 and 65 years old, have been also reported [3,4]. Even if atypical phenotypes have been described,
clinical and pathological features seem to be the same between early and late onset AD, so that it may
be difficult to distinguish these 2 groups [4]. Interestingly, while late onset AD is usually sporadic
and doesn’t show any segregation within the families, it has been highlighted that early onset AD
is featured by a high recurrence rate within the affected families, thus suggesting the presence of
inherited forms of AD [3].
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In particular, it has been estimated that 15–25% of total AD accounts for familial Alzheimer’s
disease (FAD) (Figure 1) [5].

Figure 1. Prevalence and genetic causes of familial Alzheimer’s disease (FAD). FAD represents only a
small fraction (about 20%) of all Alzheimer’s disease (AD) cases (A). In addition, within FAD, mutations
the amyloid precursor protein (APP), presenilin 1 (PSEN1) or presenilin 2 (PSEN2) genes account for a
small proportion of cases, underlying that the molecular bases of the larger fraction still remain to be
unveiled (B).

In this category, it is included the autosomal dominant Alzheimer’s disease (ADAD), associated
to the presence of known causative gene mutations, mainly in the amyloid precursor protein (APP),
presenilin 1 (PSEN1) or presenilin 2 (PSEN2) genes, that have been described as highly penetrant,
disease-causing FAD genes [3–5]. However, mutations in these genes are able to explain just a small
percentage of all FAD cases, suggesting the existence of other, inherited, disease-predisposing genes [4].
Since FAD typically shows a sequential, clinical progression from pre-dementia to dementia stage, thus it
is crucial to recognize and diagnose it before symptoms onset in order to begin treatments as soon as
possible [6,7]. As a consequence, a better understanding of FAD molecular bases, i.e., the identification
of the causative genes, may ameliorate the management and the clinical outcome of these patients and
of their families.

Recent advances in genomics, i.e., the availability of highly performing next generation sequencing
(NGS)-based methods to accurately analyze single genes [8,9] or a subset of genes of interest [10–12],
up to the whole exome [13,14] or the whole genome [13,14], has prompted the study of the molecular
bases of human diseases and is a promising tool to discover novel FAD-related genes [4].

Here, we will review the current knowledge regarding the genetic etiology of FAD. In particular,
we will focus first on well-established, highly penetrant, FAD-causing genes. In this context,
the relationship between mutations affecting AD-related genes and proteins’ trafficking, folding
and aggregation properties will be highlighted, with special attention to APP. Next, novel, emerging
and candidate FAD genes, as well as inherited risk factors will be also discussed, suggesting that
enlarged genetic testing may be useful in FAD families in order to improve the identification and
management of the at-risk subjects.

2. Methods

Indexed articles in English were searched in PubMed using the following keywords: “Alzheimer’s
disease molecular bases”, “Alzheimer’s disease mutations”, “Alzheimer’s disease germline mutations”,
“Alzheimer’s disease genes”, “inherited Alzheimer’s disease”, “familial Alzheimer’s disease”,
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“APP mutations”, “PSEN1 mutations”, “PSEN2 mutations” and “novel Alzheimer’s disease genes”.
In the attempt to focus on the most recent and updated papers on these topics, we fixed the time within
2010 and 2020 as temporal window; however, a manual search for oldest references mentioned in
the found articles was also carried out. Papers in the search results reporting somatic mutations or
describing genetic risk factors related to sporadic, late onset AD were not included since are out of the
topic of the present review (Figure 2).

Figure 2. Flow-diagram summarizing the steps for the selection of the articles reviewed herein.

3. Highly Penetrant Familial Alzheimer Disease-Causing Genes

Genetic analysis of large FAD families allowed the discovery of the three well established and
high-penetrant genes related to this disease, namely, APP, PSEN1 and PSEN2 (Figure 3).

Figure 3. Amyloid precursor protein (APP) structure and amyloid beta (Aβ) peptide production.
The cleavage of APP by specific secretases is required to produce the Aβ peptide. One of these
secretases, namely the γ secretase, is a multimeric complex involving also presenilin 1 (PSEN1) and
presenilin 2 (PSEN2). Mutations affecting APP, as well as PSEN1 or PSEN2 genes, have been associated
to familial Alzheimer’s disease (FAD) because of their ability to increase Aβ peptides production and,
consequently, their aggregation up to amyloid plaques formation.
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The amyloid precursor protein gene (APP, OMIM #104760, chromosome 21q21.3) encodes for an
integral type 1 membrane glycoprotein that is almost ubiquitously expressed. APP is sequentially
processed for proteolytic cleavage to produce amyloid β (Aβ), by β- and γ-secretases (the latter
composed by PSEN1, PSEN2, Nicastrin and Aph-1). Because APP processing by γ-secretase is not
restricted to a single site, it gives rise to different Aβ species, Aβ42 being more prone to aggregate [15].

Recently it has become evident that the AD-typical Aβ assemblies are able to adopt alternative
conformations and become self-propagating, like prions [16–19].

To date, 32 pathogenic mutations in APP were reported within or flanking the Aβ sequence
(https://www.alzforum.org/mutations/app), being located mostly near the β- and γ-secretase sites [20].
As a consequence, APP mutations seem to be able to increase Aβ aggregation rate, thus causing FAD
(Figure 3) [21].

The p.K670N and p.M671L Swedish AD-related pathogenic mutations are localized near to the
γ-secretase site and lead to increased absolute levels of Aβ42 (without changing Aβ42 to Aβ40 ratio) [22].
Interestingly, Del Prete et al., found that in a Swedish cell culture model of AD, APP and its catabolites
are present in mitochondrial-ER associated membranes (MAMs) and β- and γ-secretases harbor APP
processing activities in MAMs [23]. This finding is extremely interesting, considering the fact that the
localization of APP and its enzymes plays a critical role in the Aβ generation and its signaling inside
the cell [24]. The p.T714I, p.V715M, p.V715A, p.I716V, p.V717I and p.V717L APP mutations are all
located in proximity of the γ-secretase site, affect the cleavage and, contrary to the double Swedish
mutations, cause an increase of the Aβ42 to Aβ40 ratio and are able to influence the stability of APP
C-terminal fragments [20,25]. Very recently, the p.I716T APP mutation [25], as well as the p.L723P
featured by the local unfolding of the C-terminal turn [26], was described to affect the efficiency of the
γ-secretase ε-cleavage and to induce a major Aβ42 to Aβ40 ratio. This effect is due to the additional
H-bond between the T716 side chain and the transmembrane backbone, which can affect the cleavage
domain dynamic [25].

Mutations within the Aβ sequence have been predicted not only to affect APP processing,
thus regulating the amount of total Aβ production, but were also thought to affect the aggregation
properties of the resulting Aβ peptide [25]. Indeed, the APP p.A692G, p.E693Q and p.D694N mutations,
all located inside the Aβ sequence, have been described to have an increased aggregative ability and
neurotoxicity respect to the wild type Aβ [21].

Although a common effect of these mutations is the dysregulation of the production of different
Aβ forms of APP, a recent paper form Lumsden et al. proposed also a dysregulation of iron homeostasis
as a common effect of mutations related to early onset AD [27].

Table 1 summarizes APP mutations, affecting protein stability, folding, processing, from the N- to
the C-terminal.

Despite the above, it has been reported that APP dominant mutations account for about 16%
of all ADAD [3]. Some years ago, 2 APP mutations, namely p.A673V and p.E693del, have been
found to be able to cause FAD only in the homozygous status supporting the existence also of a
recessive pattern of inheritance [28,29]. More recently, Conidi et al., described an Italian family carrying
the APP p.A713T in homozygous status; surprisingly the clinical phenotype was not more severe
respect to the heterozygous carriers [30]. This finding not only highlighted that the homozygosity for
APP dominant mutations is not lethal, but also suggested that other, independently inherited genetic
factors, may exert a protective effect and modify the clinical presentation of the disease.

Finally, in addition to single nucleotide variants and small insertion/deletions, dominantly
inherited duplications of the APP locus have been also described and associated to AD [31–35].
In particular, small chromosomal duplications with different genomic coordinates, but all including
the APP locus, have been described in some French FAD families [31,32]. Next, APP duplications
were reported also in Finnish and Dutch FAD cases [33–35]. The clinical consequences of these
duplications are not yet clearly defined and also their frequency as FAD cause is variable in the different
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studies [31–35]. Totally, 25 duplications have been identified so far and, respect to missense mutations,
these duplications seem to have a reduced penetrance and a variable age of onset [36].

Table 1. Amyloid precursor protein (APP) pathogenic mutations and their effects at protein level.

Mutation and
Protein Region

Protein Stability/Folding/Processing Reference

N-terminal

p.K670N/p.M671L Leads to increased absolute levels of Aβ42, doesn’t alter Aβ42/Aβ40 ratio
Present in MAMs

Kumar-Singh_2009 [22]
Del Prete_2017 [23]

Amyloid-beta domain
p.A692G Murakami_2002 [21]
p.E693Q
p.E693K
p.E693G

Potent aggregative

p.D694N
p.A713T
p.T714I Increase Aβ42/Aβ40 ratio, affect stability of APP CTFs Kumar-Singh_2009 [22]

Transmembrane/C-terminal
p.V715M
p.I716V
p.V717L

Increase Aβ42/Aβ40 ratio, affect stability of APP CTFs De Jonghe_2001 [20]

Pp.I716T Increases Aβ42/Aβ40 ratio reducing the efficiency of the γ-secretase ε-cleavage Götz_2019 [25]
p.L723P Causes unfolding of C-terminal turn of APP TM domain helix Bocharov_2019 [26]

Interestingly, Jonsson et al., identified a rare APP variant in the Icelandic population showing a
protective effect [37]. Finally, a number of variants of unknown clinical significance have been also
detected and further functional tests are required to establish their pathogenicity.

The presenilin 1 (PSEN1, OMIM #104311, chromosome 14q24.3) encodes for a protein that is
a subunit of γ-secretase, i.e., one of the 2 enzymes responsible for APP proteolytic cleavage. As a
consequence, mutations in PSEN1, impairing the activity of γ-secretase complex, may lead to the
production of more aggregation-prone forms of the Aβ peptide, that is a typical hallmark of AD,
thus inducing the disease development (Figure 3) [3,4].

PSEN1 is the most common gene related to FAD. To date, 221 PSEN1 pathogenic mutations
have been described, accounting for up to 70% of ADAD cases (http://www.alzforum.org/mutations).
These mutations can be both single nucleotide variants and small insertions/deletions; in addition,
a deletion able to cause PSEN1 exon 9 skipping, has been also described [38]. Typically, FAD onset in
PSEN1 mutations carriers ranges from 30 to 50 years, the mutations showing an autosomal dominant
inheritance and almost always a complete penetrance [39]. Interestingly, de novo mutations, featured
by a very early age of onset (before 30 years) have been also described [40–42].

As in the case of APP, Kosik et al., described a Colombian family carrying the PSEN1 mutation
p.E280A in homozygous status; also, in this case, the severity of the disease was not influenced by the
homozygosity of the mutation [43].

The presenilin 2 (PSEN2, OMIM #600759, chromosome 1q31-q42) gene has a genetic structure
very similar to PSEN1, sharing a sequence homology of 67% [3]. It encodes for another component
of the γ-secretase complex; thus, its impairment, due to pathogenic mutations, is able to increase the
Aβ42/Aβ40 ratio too (Figure 3).

To date, 19 different PSEN2 pathogenic mutations have been reported (http://www.alzforum.org/
mutations). As for PSEN1, these pathogenic mutations are scattered along the entire gene sequence
with a higher frequency in the transmembrane domains [44,45]. The ADAD age of onset ranges from
40 to 70 years in PSEN2 mutations carriers, the penetrance of these mutations being still controversial
to assess, due to the few numbers of families reported to date and showing also a so wide age-range of
onset [39].

It has been estimated that totally, APP, PSEN1 and PSEN2 mutations account only for about 5–10%
of all FAD (Figure 1) [46,47]. Within the FAD, considering only the ADAD forms the contribution
of these genes is highly heterogeneous based on the population studied, 23% up to 88% of patients
remaining without a genetic diagnosis [47,48]. Since the clinical features of FAD can be variable,
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the diagnosis is often difficult and delayed, underlying the importance of identifying other molecular
alterations responsible for the currently unexplained FAD cases.

4. Apolipoprotein E ε4 Risk Allele and Familial Alzheimer Disease

The apolipoprotein E gene (APOE, OMIM #107741, chromosome 19q13.2) encodes a glycoprotein
involved in the mobilization of peripheral cholesterol, also during neuronal growth and
regeneration [49,50]. Three APOE isoforms are known, namely ApoE2, ApoE3 and ApoE4, differing
at level of 2 aminoacidic residues (the 112 and 158) and coded by 3 alleles, i.e., ε2, ε3 and ε4,
whose frequency varies among different populations [3].

To date, an association between the ε4 allele and the sporadic, late-onset AD has been reported [3,4].
In particular, it has been assessed an increased risk up to 3-fold in the heterozygous carriers and
up to 15-fold in the homozygous [51]. Interestingly, the ε2 allele has been reported as a protective
factor, reducing the AD risk and also positively impacting longevity [52]. These different features have
been related to ta different binding affinity of the encoded proteins for the Aβ peptide; in particular,
ApoE4 shows the highest affinity leading to the creation of monofibrils that are able to produce dense
precipitates [3]. However, it is important to underline that the ε4 allele is not a cause but an AD risk
factor; thus, other genetic or environmental factors are required for disease development. A working
model, attempting to explain the relationship between ApoE and Alzheimer’s disease, has been
proposed (Figure 4) [53].

Figure 4. Working model for Apolipoprotein E4 (ApoE4) contribution to Alzheimer’s disease (AD)
development. Different stimuli can induce ApoE4 and ApoE3 overexpression, with E4 contribution to
neurodegeneration in AD. ApoE4, undergoing to proteolytic cleavage, can generate different fragments
which can contribute to mitochondrial dysfunction, cytoskeletal disorganization, neurofibrillary tangles
and, consequently to neurodegeneration.

In particular, ApoE4, unlike ApoE3, contributes to AD by interacting with different factors through
various pathways. In response to oxidative stress, aging, brain damage or Aβ deposition, neurons
synthesize increasing amount of ApoE, that in turn undergoes proteolytic processing generating
fragments which cause mitochondrial dysfunction, cytoskeletal changes, NFT (neurofibrillary tangles)
formation, leading to neurodegeneration.

Interestingly, it has been shown that the APOE ε4 allele is able to increase also the risk for early
onset AD in presence of familiarity for the disease [54]. In particular, in the ε4 homozygous carriers the
risk was independent from other genetic factors, while in the heterozygous no, suggesting that it may
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act as disease phenotype-modifier in presence of other genetic mutations [4]. However, Genin et al.,
reported for APOE ε4 allele an AD risk comparable to that of other genetic factors [55]. Some studies,
evaluating the effects of the APOE genotype on AD clinical features in families carrying pathogenic
mutations in APP, PSEN1 or PSEN2 genes, showed that the ε4 allele is associated to an earlier
age of onset in the mutations’ carriers, while the carriers of the ε2 allele had a later onset [56–58].
Nevertheless, it is important to underline that the significance of APOE testing in clinical practice is still
under debate and it has been recently reviewed to not significantly impact diagnostic and prognostic
evaluations [59]. Indeed, being a risk factor, the APOE ε4 allele is common in the general population,
i.e., also in healthy individual without a positive family history of AD. Further large longitudinal
studies are required to assess the contribution of APOE to AD risk and its possible use in clinical
routine settings.

5. Novel, Emerging and Candidate Genes Associated to Familial Alzheimer Disease

Mutations in APP, PSEN1 and PSEN2 genes, as well as the APOE ε4 risk allele, explain only
a small percentage of all FAD cases, suggesting that other genes may play a role. In the last years,
NGS based studies, through the analysis of large pedigrees, are allowing the detection of novel genes
potentially related to FAD.

Guerreiro et al., analyzing a Turkish FAD family, identified a pathogenic mutation in the NOTCH3
gene [60]. Interestingly, the same mutation was previously associated with a dementia disorder similar
to AD and the proband belongs to a consanguineous family with a complex history of neurological
disorders [60]. NOTCH3 (OMIM# 600276, chromosome 19p13.12) encodes a transmembrane receptor
involved in cellular signaling and embryonic development. More than 130 mutations have been
reported in this gene and related to the rare syndrome cerebral arteriopathy autosomal dominant with
subcortical infarcts and leukoencephalopathy; a role also in FAD has been recently proposed [61].

The finding of a shared gene between degenerative and vascular dementias suggests the presence
of a similar neurovascular unit dysfunction. Accordingly, a consensus paper by Bordet et al., based on
the observation that most of patients currently seem to be affected by mixed forms, proposed that also
therapeutic strategies should be common [62]. Indeed, therapeutic approaches should be oriented
towards an integrated strategy, including antioxidants, anti-inflammatory, modulation of proteins
aggregation and neuronal plasticity. Since in older patients, vascular cognitive impairment (VCI)
leading to vascular dementia is often mixed to AD and VCI is rarely “pure”, a disease modifying
strategy seems to be justified [62]. It is noteworthy that a mitochondrial dysfunction may play a role in
this context as an additional cause of cognitive impairment, either of vascular, degenerative or both
natures [63]. In particular, a reduction of respiratory chain complex I activity, related to mitochondrial
dysfunction, has been reported in a group of patients with vascular dementia and several mitochondrial
mechanisms have been invoked in Aβ-related cerebrovascular degeneration [63].

Pottier et al., carried out the WES of 29 probands from FAD families resulted negative for
mutations in the 3 main FAD genes and found 7 mutations in the SORL1 gene [64]. In particular,
one of these mutations, i.e., the p.G511R, has been shown to be able to reduce the ability of the
protein to bind the Aβ peptide, thus inducing its accumulation [65]. The sortilin-related receptor
(SORL1, OMIM# 602005, chromosome 11q24.1) encodes for a mosaic protein that is the receptor of
neuronal ApoE. Accordingly, SORL-1 mutations have been described in 2 families with early onset
AD. In particular, the SORL-1 variants where shown to be able to weaken the interaction with APP,
interfering with APP trafficking and altering the Aβ levels [66]. Other studies have confirmed the role
of SORL1 mutations in FAD and also in late onset AD [67,68]. Li et al., have recently reported the
case of a patient with early onset AD and cognitive impairment, carrying a heterozygous mutation in
the SORL1 gene [69]. Taken together, these items of evidence suggest that SORL1 mutations may be
involved in FAD, its contribution being probably underestimated, and that this gene should be tested
in the affected families in addition to APP, PSEN1 and PSEN2 genes. Indeed, the analysis of SORL1 in
larger cohorts of patients may allow to better clarify its contribution to FAD.
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Interestingly, genome-wide association studies identified about 30 additional risk factors/alleles
for late onset AD [70,71]. Among these, variants affecting CLU (APOJ) or CR1 (complement component
3b/4b receptor 1), being involved in the clearance of Aβ have been associated to AD [72] and
heterozygous missense mutations in TREM2 (triggering receptor myeloid 2 cells) have been described
to increase by 3-fold the risk of AD [73]. It has been proposed that these genes may be responsible also
for FAD cases.

In particular, an increased frequency of CLU gene rare coding mutations has been highlighted in
AD patients, predominantly affecting the β chain of the protein [74]. Clusterin (CLU, OMIM# 185430,
chromosome 8p21.1) encodes a protein involved in synapsis turnover. Most of the CLU variants
described so far are able to promote CLU degradation, thus reducing its activity [75].

Two NGS-based studies identified a rare variant (p.Arg47His) in TREM2 gene [73,76]
TREM2 (OMIM# 605086, chromosome 6p21.1) encodes a type I transmembrane protein belonging
to the immunoglobulin receptor superfamily and involved in immune responses activation.
Interestingly, TREM2 has been found to be able to bind ApoE, thus increasing the phagocytosis
of ApoE-bound apoptotic neurons [77]. Some TREM2 variants may increase AD risk by reducing
the affinity for ApoE, and thus decreasing Aβ peptide clearance. Additionally, it has been showed
that TREM2 mutations in its extracellular domain impair protein maturation and its phagocytic
activity [78,79]. The TREM2 p.Arg47His variant has been reported in different population as
associated to AD, including some cases of FAD [73,76,80–82]. The role of other TREM2 variants
is still poorly understood.

Three independent studies identified loss-of-function mutations in the ABCA7 gene in AD
patients [83–85]. The ATP-binding cassette, subfamily A, member 7 (ABCA7, OMIM# 605414,
chromosome 19p13.3) encodes a transporter protein able to move lipids across the membranes.
It has been reported that the inhibition of ABCA7 expression is able to increase β secretase cleavage
of APP, thus increasing the production of Aβ peptide [86]. In particular, Cuyvers et al., identified an
ABCA7 frameshift mutation as a founder mutation in a Belgian population, since it was detected in
several FAD families showing a dominant pattern of inheritance [83].

Vardarajan et al., by sequencing 76 AD-related loci, identified a rare missense mutation in the
EPHA1 gene (p.P460L) segregating within a large Caribbean FAD family [85]. The Ephrin receptor
(EPHA1, OMIM # 179610, chromosome 7q34-q35) encodes a tyrosine kinase receptor implicated in
neuronal development.

The main features of novel FAD candidate genes are summarized in Table 2.

Table 2. Novel candidate genes and inherited risk factors associated to familial Alzheimer’s disease (FAD).

Gene Name (Acronym) Proposed Function in FAD References

Apolipoprotein E (APOE) Contribution of ApoE4 to mitochondrial
dysfunction, cytoskeletal disorganization and
neurofibrillary tangles

Huang_2006 [53]

Neurogenic Locus Notch Homolog Protein 3 (NOTCH3) Cellular signaling impairment Patel_2019 [61]
Sortilin-related receptor (SORL1) Interference with APP trafficking and alteration

of the Aβ levels
Cuccaro_2016 [66]

Complement component 3b/4b receptor 1 (CR1) Aβ peptide clearance reduction Shen 2016 [72]
Clusterin (CLU) Synapsis turnover reduction Bettens_2015 [75]
Triggering Receptor Expressed on Myeloid Cells 2 (TREM2) Aβ peptide clearance reduction Bailey_2015 [77]

Lue_2015 [78]
Kleinberger_2014 [79]

The ATP-binding cassette, subfamily a, member 7 (ABCA7) Aβ peptide production increase Satoh_2015 [86]
Ephrin receptor (EPHA1) Alteration of neuronal development Vardarajan_2016 [85]

It is noticeable that the same genes identified as risk factors for sporadic and late onset AD, harbor
also rare variants segregating with FAD. Even if data in this field are still inconclusive since they
are often based on isolated findings, however they suggest that some familial cases may be due the
combination of rare variants and other risk factors. Recent NGS-based screening including FAD cases,
identified established risk alleles with moderate penetrance and one or more variants of uncertain
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significance, thus suggesting the hypothesis, in presence of no mutations in the 3 main FAD genes,
of a polygenic inheritance [87,88]. The use of NGS-based methods for the analysis of large genomic
regions in several patients simultaneously may provide further insights to improve the diagnosis of
disorders featured by high genetic and phenotypic variability, such as AD. However, the interpretation
of NGS data, due to the large number of variants of unknown significance, is often challenging and
inconclusive in clinical settings [14,89].

6. Conclusions

AD incidence is showing an increasing trend worldwide, so its early and accurate diagnosis
has become mandatory. Indeed, the earlier the diagnosis is made, the sooner the treatments may
begin, the latter being an important prognostic factor to ameliorate patients’ clinical outcome. It is
becoming evident that within the “AD” definition are included different entities, whose correct
identification may be important to drive treatments choices. While most of AD cases are sporadic,
featured by late onset and by the presence of polygenic risk factors, a small percentage of AD is
familial, often featured by early age of onset and related to the presence of rare, pathogenic mutations
segregating within the affected families. To date, 3 main genes (APP, PSEN1 and PSEN2) have been
related to autosomal dominant FAD, accounting just for a small percentage of cases. Novel candidate
genes are being identified. Larger studies on large group of patients are required to better address their
contribution to the disease and discover other potential candidates. This will allow a better prognostic
classification of the patients and a better management of the probands and of their families, by the
identification of the -at risk individuals. These genetic data, together with novel clues coming from
other “omics” [90–92], will allow also the development of novel and even more personalized therapies
for AD and FAD treatment.
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Abstract: Background: Some genes could interact with cardiovascular risk factors in the development
of Alzheimer’s disease. We aimed to evaluate the interaction between ApoE ε4 status, Clock T3111C
and Per2 C111G polymorphisms with cardiovascular profile in Subjective Cognitive Decline (SCD)
and Mild Cognitive Impairment (MCI). Methods: We included 68 patients who underwent clinical
evaluation; neuropsychological assessment; ApoE, Clock and Per2 genotyping at baseline; and
neuropsychological follow-up every 12–24 months for a mean of 13 years. We considered subjects
who developed AD and non-converters. Results: Clock T3111C was detected in 47% of cases, Per2
C111G in 19% of cases. ApoE ε4 carriers presented higher risk of heart disease; Clock C-carriers were
more frequently smokers than non C-carriers. During the follow-up, 17 patients progressed to AD.
Age at baseline, ApoE ε 4 and dyslipidemia increased the risk of conversion to AD. ApoE ε4 carriers
with history of dyslipidemia showed higher risk to convert to AD compared to ApoE ε4− groups
and ApoE ε4+ without dyslipidemia patients. Clock C-carriers with history of blood hypertension
had a higher risk of conversion to AD. Conclusions: ApoE and Clock T3111C seem to interact with
cardiovascular risk factors in SCD and MCI patients influencing the progression to AD.

Keywords: Alzheimer’s disease; subjective cognitive decline; mild cognitive impairment; clock genes;
Clock; ApoE; cardiovascular risk factors

1. Introduction

Alzheimer’s disease (AD) is characterized by a slow but progressive trend, with a presymptomatic
phase that can last from years to decades [1]. Subjective Cognitive Decline (SCD) is defined as a
self-experienced persistent decline in cognitive capacity in comparison with the subject’s previously
status, during which the subject has normal performance on standardized cognitive tests [2]. Mild
cognitive impairment (MCI) concerns an objective cognitive impairment with minimal impact on
instrumental activity of daily living [3], and it is considered an intermediate phase between normal
cognition and dementia. MCI is associated with an increased risk of positive AD biomarkers and with
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an annual conversion rate of 5%–17% to AD [4,5]. For SCD, the annual conversion rate (ACR) to MCI
is 3.6%–6.6%, while it is 1.5%–2.3% to dementia [4,6].

A growing amount of evidence has underlined the importance of cardiovascular health on the
risk of developing AD [7–9]. It has been reported that approximately one-third of AD cases worldwide
may be attributable to cardiovascular risk factors, including hypertension, obesity, diabetes, smoking,
and physical inactivity [10].

In addition, it is well known that genetic aspects play a central role in development of AD [11].
Apolipoprotein E e4 carrier status (ApoE e4) is a well-defined genetic risk factor, and recently, current
research has been focused on clock genes. Clock (Circadian Locomotor Output Cycle Kaput, chromosome
4q12) and Per2 (Period2, chromosome 2q37.3) are part of the transcriptional-translational feedback
loops regulating circadian rhythm [12]. Several polymorphisms of these genes have been recently
studied to elucidate their role in sleep-wake cycle alterations, aging, psychiatric disturbance and
neurodegeneration [13,14]. Moreover, Clock and Per2 polymorphisms have been associated with
overweight and glucose and lipid metabolism impairments [15,16]. Some studies have investigated the
possible role of the Clock T3111C polymorphism on the quality of aging in very elderly patients [17],
while other studies focused on influence of Per2 C111G polymorphism on lipid metabolism in adults
with metabolic syndrome [16]. On the basis of the above-mentioned initial findings about of the
influence of these polymorphisms on cardiovascular profile, the aim of the present study was to define
the interaction between Clock T3111C and Per2 C111G, ApoE ε4, and cognitive function, in relation to
cardiovascular risk factors, in SCD and MCI patients and in the progression to AD.

2. Materials and Methods

2.1. Participants and Clinical Assessment

As part of a longitudinal, clinical-neuropsychological-genetic survey on SCD and MCI, we
included 74 consecutive spontaneous patients who self-referred to the Centre for Alzheimer’s Disease
and Adult Cognitive Disorders of Careggi Hospital in Florence between April 1996 and May 2014.
All participants underwent a comprehensive family and clinical history, general and neurological
examination, extensive neuropsychological investigation, estimation of premorbid intelligence, as
well as assessment of depression. A positive family history was defined as one or more first-degree
relatives with documented cognitive decline. Sleep quality was assessed according to anamnestic data:
we considered as “poor sleepers” patients who had difficulties in falling asleep or woke up early or
have frequent sleep interruptions; patients that did not report sleep disturbances were classified as
“good sleepers”. For this study, inclusion criteria were: (1) complaining of cognitive decline with a
duration of ≥6 months; (2) normal functioning on the Activities of Daily Living and the Instrumental
Activities of Daily Living scales; (3) unsatisfied criteria for dementia at baseline [18]; (4) attainment of
the clinical endpoint, i.e., conversion to AD according to the NIA-AA [18] criteria during follow up,
regardless of follow-up duration; (5) a follow-up time of more than 2 years from the baseline visit for
those patients who did not develop AD. Exclusion criteria were: (1) history of head injury, current
neurological and/or systemic disease, symptoms of psychosis, major depression, alcoholism or other
substance abuse; (2) the complete data loss of patients’ follow-up; (3) progression to dementia other
than AD.

From the initial sample, we excluded six patients: two patients had a follow-up shorter than 2
years; two diagnosed with psychiatric disturbance, and one with Fronto-Temporal Dementia, according
to Neary criteria [19]; one patient received a diagnosis of Vascular Dementia [20]. Therefore, in the end
68 patients were included.

We divided this sample into two groups: 41 patients classified as SCD, according to the terminology
proposed by the Subjective Cognitive Decline Initiative (SCD-I) Working Group [2] (i.e., presence of a
self-experienced persistent decline in cognitive capacities with normal performance on standardized
cognitive tests); 27 patients classified as MCI according to (NIA-AA) criteria for the diagnosis of MCI [3]
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(i.e., evidence of lower performance in one or more cognitive domains with preserved independence
of function in daily life).

All patients underwent clinical and neuropsychological follow-up every 12 or 24 months. All of
them were genotyped for ApoE (Apolipoprotein E), Clock and Per2.

On the basis of progression to AD during the follow-up, patients were classified respectively into
converters and non-converters. All subjects gave their informed consent for inclusion before they
participated in the study. The study was conducted in accordance with the Declaration of Helsinki,
and the protocol was approved by the Ethics Committee (DSM study).

2.2. Neuropsychological Assessment

All patients were evaluated by means of an extensive neuropsychological battery [21]. The battery
consisted of global measurements [Mini-Mental State Examination (MMSE)], tasks exploring verbal
and spatial short- term memory (Digit Span; Corsi Tapping Test) and verbal long-term memory [Five
Words and Paired Words Acquisition (FWA, PWA); recall after 10min (FWR10, PWR10); recall after 24-h
(FWR24, PWR24); Babcock Short Story Immediate and Delayed Recall (BS, BSR)]; language (Token Test;
Category Fluency Task); and visuo-motor functions (Copying Drawings) [21]. Visuospatial abilities
were also evaluated by Rey–Osterrieth Complex Figure copy, and visuospatial long-term memory was
assessed by means of recall of Rey–Osterrieth Complex Figure test [22]; attention/executive function
was explored by means of Dual Task [23], Phonemic Fluency Test [24], and Trail Making Test [25].
Everyday memory was assessed by means of Rivermead Behavioral Memory Test (RBMT) [26]. All
raw test scores were adjusted for age, education and gender according to the correction factor reported
in validation studies for the Italian population [21–26]. In order to estimate pre-morbid intelligence, all
patients were given the TIB (“Test di Intelligenza Breve”) [27], an Italian version of the National Adult
Reading Test [28]. The presence and severity of depressive symptoms was evaluated by means of the
22-item Hamilton Depression Rating Scale (HRSD) [29].

2.3. Apolipoprotein E ε4, Clock T3111C and Per2 C111G Genotyping

A standard automated method (QIAcube, QIAGEN) was used to isolate DNA from
peripheral blood samples. ApoE genotypes were investigated by high resolution melting analysis
(HRMA). Two sets of PCR primers were designed to amplify the regions encompassing rs7412
[NC_000019.9:g.45412079C>T] and rs429358 (NC_000019.9:g.45411941T>C). The samples with known
ApoE genotypes, which had been validated by DNA sequencing, were used as standard references.
The ApoE genotype was coded as ApoE ε4− (no ApoE ε4 alleles) and ApoE ε4+ (presence of one or
two ApoE ε4 alleles).

The analyses of Clock and Per2 were performed using HRMA in order to detect
the 3111T/C Clock polymorphism using primers as reported [30] and the Per2 C111G
polymorphism with the following primers Forward 5′-ACAGAAAGAGTCAAATGGGTGC-3′, Reverse
5′-TGTCCACATCTTCCTGCAGT-3′ with Annealing temperature 60 ◦C.

2.4. Statistical Analysis

Patient groups were characterized using means and standard deviations (SD). We tested for
the normality distribution of the data using the Kolmogorov–Smirnov test. Depending on the
distribution of our data, we used t-test or non-parametric Mann–Whitney U Tests for between-groups’
comparisons. We used chi-square test to compare categorical data. We analyzed survival curves
using the Kaplan–Meier estimator. Finally, we used logistic regression to analyze the role of some
cardiovascular risk factors in worsening cognition. All statistical analyses were performed with SPSS
software v.25 (SPSS Inc., Chicago, IL, USA). The significance level was set at p < 0.05.
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3. Results

3.1. Participants and Clinical Assessment

In the whole cohort, 32 of 68 patients (47%) were Clock C carriers (29 TC, 3 CC), while 13 of 68
(19%) were Per2 G carriers (13 CG, 0 GG); 7 of 68 (10%) carried both Clock C and Per2 G alleles. The
genotypic distributions of the Clock and Per2 genes in this sample were in Hardy–Weinberg equilibrium
(Clock T3111C χ2 = 0.91, p > 0.05; Per2 C111G χ2 = 0.77, p > 0.05). The prevalence of Clock T3111C and
Per2 C111G polymorphisms did not significantly differ between SCD and MCI (Clock T3111C: 51.2% in
SCD and 40.7% in MCI; Per2 C111G: 19.5% in SCD and 18.5% in MCI); moreover, there were not any
differences in the prevalence of both Clock C and Per2 G carriers in SCD and MCI groups. (Table 1).

Table 1. Comparison between prevalence of Clock and Per2 polymorphisms in SCD and MCI individuals.

Features SCD MCI p

Per2 G carriers–units (%) 8 (19.5%) 5 (18.5%) 0.919
Clock C carriers-units (%) 21 (51.2%) 11 (40.7%) 0.397

Per2 G carriers and
Clock C carriers-units (%) 4 (9.75%) 3 (8.10%) 0.843

p indicates level of significance for comparison between groups (statistical significance at p < 0.05, in bold characters).

There were no differences between Clock C carriers and non C carriers with regards to age at onset
of symptoms, age at baseline visit, disease duration, sex, family history of AD, years of education, TIB,
MMSE, and ApoE ε4 allele status. With respect to CV risk factors, there was a higher proportion of
smokers in Clock C carriers than in non C carriers (19.40% vs. 2.80%, χ2 = 4,892, p = 0.027) (Table 2).

Comparing Per2 G carriers and non G carriers, there were no differences in age at onset of
symptoms, age at baseline visit, disease duration, sex, family, MMSE, and ApoE ε4 allele status. Per2 G
carriers had lower premorbid intelligence score on TIB (104.29 ± 10.74 vs. 109.98 ± 8.06, p = 0.049), less
years of education (7 ± 3.05 vs 10.73 ± 4.51, p = 0.007), and lower frequency of family history of AD
(15.38% vs. 60%, χ2 = 8.37, p = 0.004) (Table 2). There were no differences in CV risk factors proportion
between G and non G carriers.

We did not find any differences in sleep quality between Clock C carriers and Clock non C carriers
(χ2 = 0.136, p = 0.454), neither between Per2 G carriers and Per2 non G carriers (χ2 = 0.879, p = 0.273)
(Table 2).

ApoE ε4+ patients have a higher proportion of history of heart disease than ApoE ε4− (8.70% vs.
0.00%, χ2 = 3.944, p = 0.047). We did not find any statistically significant difference between ApoE ε4+
and ApoE ε4− as far age at onset of symptoms, age at baseline evaluation, disease duration (time from
onset of symptoms and baseline evaluation), follow-up time, familiarity, sex, education, and MMSE
(Table 2).
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3.2. Description of Sample at Follow-Up

During the follow-up, 17 patients (25%, 2 SCD and 15 MCI) converted to AD (converters) while 51
patients did not progress to AD (non-converters). Mean conversion time was 4.73 ± 3.91 years (range:
1.41–14.01, IQR = 3.71 years). Mean follow-up time of non-converters was 13.03 ± 4.48 years (range:
4.06–23.74, IQR = 6.73 years). There were no differences between converters and non-converters with
respect to disease duration, sex, family history of AD, years of education, and MMSE at baseline.
Converters had higher age at the onset of symptoms (68.20 ± 7.49 vs. 61.25 ± 6.21, p = 0.016), age at
baseline (71.60 ± 6.19 vs. 63.42 ± 6.96, p = 0.003) and greater proportion of ApoE ε4 (56.25% vs. 25.49%,
χ2 = 5.22, p = 0.022). (Table 3).

Table 3. Comparison of demographic and clinical data between converters and non-converters.

Features Converters (n = 17) Non Converters (n = 51) p

Prevalence Per2 G (%) 23.5% 17.6% 0.593
Prevalence Clock C (%) 35.3% 51.0% 0.262

Age at baseline (±SD) in years 70.7 (± 6.3) 61.8 (±8.6) <0.01

Age at onset * (±SD) in years 67.4 (± 7.5) 57.9 (±9.4) <0.01

Follow-up time (±SD) in years 9.6 (± 4.7) 13.03 (±4.5) <0.01

Disease duration (±SD) in years 3.3 (± 3.6) 4.0 (±4.3) 0.602
Sex (females, males) 12,5 36,15 1.000

Family history of AD (%) 52.9% 51.0% 0.889
Education in years (±SD) 8.4 (±3.9) 10.6 (±4.6) 0.059

MMSE (±SD) 28.1 (±1.1) 28.5 (±1.8) 0.399
ApoE ε4 (%) 58.8% 25.5% 0.012

Hypertension (%) 29.4% 19.6% 0.399
Diabetes (%) 11.8% 3.9% 0.234

Dyslipidemia (%) 47.1% 22.4% 0.053
Heart disease (%) 11.8% 0.0% 0.014

Smoking (current) (%) 0.0% 14.0% 0.103
Chronic kidney disease (%) 0.0% 0.0% -

Values quoted in the table are mean (± SD) or (%). p indicates level of significance for comparison between groups
(statistical significance at p < 0.05, in bold characters). * onset of memory problems (not overt dementia).

There were no significant differences between converters and non-converters in the prevalence
of Clock T3111C (35.3% vs. 51.0%, χ2 = 1.26, p = 0.262) and Per2 C111G (23.5% vs. 17.6%, χ2 = 0.285
p = 0.593) polymorphism (Table 3).

In order to ascertain the effects of cardiovascular risk factors on the conversion to AD, we performed
a proportional hazards regression analysis considering conversion time as time and “conversion to
AD” as dependent variable. We considered as covariates age at onset, age at baseline, ApoE, Clock and
Per2 genotype, hypertension, diabetes, dyslipidemia, heart disease, and smoking habit. Dyslipidemia
(p = 0.041, HR = 3.08, 95% I.C. = 1.05: 9.09), age at baseline (p = 0.001, HR = 1.16, 95% I.C. = 1.07:1.27)
and ApoE ε4 (p = 0.001, HR = 6.21, 95% I.C. = 2.04:18.9) were statistically significantly associated with
an increased likelihood of conversion to AD (Table 4).
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Table 4. Proportional hazards regression analysis.

B p HR 95% C.I.

Lower Upper

Whole sample

ApoE e4 1.826 0.001 6.212 2.045 18.872

Age at baseline 0.151 0.001 1.163 1.067 1.269

Dyslipidemia 0.126 0.041 3.083 1.045 9.099

Clock C carriers

Hypertension 3.265 0.025 26.18 1.510 454.039

Clock non C carriers

Age at baseline 0.204 0.002 1.23 1.078 1.394

ApoE 2.111 0.009 8.25 1.712 39.791

Regression Coefficients (B), p-value (p), Hazard Ratio (OR) and 95% Confidence Intervals (95% CI) for covariates
included in the proportional hazards regression model are reported (significant differences at p < 0.05).

3.3. Relationship between ApoE and Dyslipidemia

In order to explore the relationship between dyslipidemia and ApoE genotype, we divided the
sample according to ApoE ε4 status (ε4+ and ε4−). In the ε4+ sample, a Kaplan–Meier survival analysis
showed significant difference in survival distributions between patients with history of dyslipidemia
and patients without history of dyslipidemia (χ2 = 4.42, p = 0.036), as 100% of dyslipidemic patients
and 29.4% of non-dyslipidemic patients converted to AD (Figure 1a). When we performed the same
analysis on the ε4− sample, we found no statistically significant effect of dyslipidemia on rate of
progression to AD (χ2 = 1.92, p = 0.166) (Figure 1b).

Finally, we ranked the whole sample according to history of dyslipidemia and ApoE genotype
(non-dyslipidemic/ε4−, n= 29; non-dyslipidemic/ε4+, n= 17; dyslipidemic/ε4−, n= 15; dyslipidemic/ε4,
n = 4) and Kaplan–Meier survival analysis was conducted to compare the proportions of conversions
in the four different groups. Patients in dyslipidemic/ε4+ group had a higher rate of conversion to AD
compared to non-dyslipidemic/ ε4− (χ2 = 25.47, p < 0.001), non-dyslipidemic/ε4+ (χ2 = 4.42, p = 0.036)
and dyslipidemic/ε4− (χ2 = 7.64, p = 0.006). Proportion of conversion in non-dyslipidemic/ε4+was
higher as compared to non-dyslipidemic/ε4− (χ2 = 3.73, p = 0.05). There was no significant difference
between non-dyslipidemic/ε4−, dyslipidemic/ε4− and dyslipidemic/ε4− (Figure 2).

3.4. Relationship between Clock and Per2 and Risk Factors on Progression to AD

In order to explore the relationship between CV risk factors and Clock polymorphism, we divided
the sample according to Clock genotype status (C carriers and non C carriers). For each sample, we
performed a proportional hazards regression analysis considering conversion time as time; “conversion
to AD” as dependent variable; and age at onset, age at baseline, ApoE genotype, hypertension, diabetes,
dyslipidemia, heart disease, and smoking habit as covariates. In the C carriers sample, hypertension at
baseline (p = 0.025, HR = 3.625) was statistically significantly associated with an increased likelihood
of conversion to AD (Table 4). In the Clock non C carriers, none of the CV factors were included in the
model as only age at baseline was statistically significantly associated with high risk of progression
to AD.
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Figure 1. (a) Kaplan–Meier survival analysis for comparisons of proportion of progression to AD
between dyslipidemic (n = 4) and non-dyslipidemic (n = 17) patients in ApoE ε4+ carrier group.
Proportion of progression was higher in dyslipidemic group (100.00%) compared to non-dyslipidemic
(29.40%). The pairwise log rank comparisons showed significant difference in survival distributions for
the dyslipidemic vs. non-dyslipidemic (χ2 = 4.42, p = 0.036). (b) Kaplan–Meier survival analysis for
comparisons of proportion of progression to AD between dyslipidemic (n = 15) and non-dyslipidemic
(n = 29) patients in ApoE ε4− carrier group. The pairwise log rank comparisons showed no significant
difference in survival distributions for the dyslipidemic vs. non-dyslipidemic (χ2 = 1.92, p = 0.166). *
For censored cases (non-converters), conversion time indicates follow-up time.
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Figure 2. Kaplan–Meier survival analysis for comparisons of patients ranked according to history
of dyslipidemia and ApoE genotype (non-dylipidemic/ε4−, n = 29; dyslipidemic/ε4−, n = 17;
non-dylipidemic/high/ε4+, n = 15; dylipidemic/ε4+, n = 4). Proportion of progression was higher
in dylipidemic/ε4+ (100.00%) compared to non-dylipidemic/ε4− (10.30%, χ2 = 25.47, p < 0.001),
non-dylipidemic/ε4+ (29.40%, χ2 = 4.42, p = 0.036), and dylipidemic/ε4− (26.7%, χ2 = 7.64, p = 0.006).
Proportion of progression in non-dylipidemic/ε4+ group (26.7%) was higher than non-dylipidemic/ε4−
(10.3%, χ2 = 3.73, p = 0.05). * For censored cases (non converters) conversion time indicates
follow-up time.

A Kaplan–Meier survival analysis showed significant difference in survival distributions between
patients with history of hypertension and patients without history of hypertension (χ2 = 4.42, p =
0.036) only in the Clock C carriers sample (Figure 3a). In this group, 50% of hypertensive patients and
11.5% of non-hypertensive patients converted to AD. When we performed the same analysis on the
Clock non C carriers sample, we found no statistically significant effect of hypertension on rate of
progression to AD; (Figure 3b).

We performed the proportional hazard regression analysis ranking patients according to Per2
polymorphism, including as covariates age at onset, age at baseline, ApoE genotype, hypertension,
diabetes, dyslipidemia, heart disease, and smoking. In the G carriers sample, none of the covariates
showed a statistically significant effect on risk of conversion to AD. In the Per2 non G carriers, none
of the CV factors were included in the model as only age at baseline was statistically significantly
associated with high risk of progression to AD (p = 0.010, HR = 1.185).
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Figure 3. (a) Kaplan–Meier survival analysis for comparisons of proportion of progression to AD
between hypertensive (n = 6) and non-hypertensive (n = 26) patients in Clock C carriers group.
Proportion of progression was higher in hypertensive group (50.00%) compared to non-hypertensive
(11.50%). The pairwise log rank comparisons showed significant difference in survival distributions for
the hypertensive vs. non-hypertensive (χ2 = 5.77, p = 0.017). (b) Kaplan–Meier survival analysis for
comparisons of proportion of progression to AD between hypertensive (n = 9) and non-hypertensive (n
= 26) patients in Clock non C carriers group. The pairwise log rank comparisons showed no significant
difference in survival distributions for the hypertensive vs. non-hypertensive (χ2 = 0.323, p = 0.570). *
For censored cases (non converters) conversion time indicates follow-up time.

4. Discussion

This study investigated the interaction between genetic features (Clock T3111C, Per2 C111G
polymorphisms, and ApoE genotype) and cardiovascular risk factors in a sample of SCD and MCI
patients. We are not aware of any previous studies exploring this topic on these groups of patients.

The frequency of these polymorphisms in our cohort was similar to prevalence data reported in a
previous study on healthy Italian population [31].
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We found that Clock T3111C carriers were more frequent smokers compared to non-carriers of the
polymorphism. Our result may suggest an implication also of Clock T3111C on nicotine dependence.
Other researches have shown that clock genes are associated with substance abuse, including alcohol,
cocaine and cannabis [32]. In fact, circadian genes have a direct role in in the regulation of dopaminergic
transmission, especially in reward circuitry. This evidence could represent the biological substrate for
the role of Clock genes in the development of addicted behaviours [33,34].

We found a correlation between Per2 C111G polymorphism with years of education and family
history of AD. This result confirms previous evidence by our group [35], but it is difficult to interpret
this finding due to the absence of previous works on this issue.

For future researches on wider sample, we will aim to clarify our current findings. With regard to
cardiovascular risk factors, we did not find any association with Per2 C111G.

We found that ApoE ε4 carriers had more frequent history of heart disease than ε4 non carriers.
Our result is supported by previous studies. In particular, two different meta-analysis [36,37] showed a
different distribution of coronary disease risk according to ApoE genotype. Furthermore, this association
could be independent from other cardiovascular risk factors, as we did not find any correlation with
diabetes, dyslipidemia, smoking, or hypertension.

A multivariate analysis showed that age at baseline, ApoE e4 and dyslipidemia increase the risk of
progression to AD.

With regard to age, this is not surprising as it is recognized to be the major risk factor for AD [38,39].
The effect of ApoE ε4 allele on risk of progression to AD has been widely demonstrated by previous

studies [40–43].
Last, lipid disorders have been said to have a role in cognitive impairment and their treatment

has been studied as a prevention tool, but evidence about this topic is not yet conclusive [44].
The interaction between ApoE ε4 and dyslipidemia on cognition is not yet completely

understood [36]. In order to explore this point, we ranked the patients according to ApoE genotype.
The effect of dyslipidemia on progression to AD was confirmed only in ApoE ε4 carriers. Furthermore,
we showed that patients who were ApoE ε4 carriers and had history of dyslipidemia showed higher
risk to convert to AD both compared to ApoEε4− groups and ApoE ε4+ without dyslipidemia patients.
According to this analysis, dyslipidemia could be synergistic with E4 carrier status in contributing to
AD pathogenesis as reported by other authors [44].

Previous studies suggested an association between Clock gene polymorphisms with different
cardiovascular risk factors, as well as with the cognitive state [15–17]. In order to investigate a possible
interaction between Clock T3111C and cardiovascular risk factors, we ranked patients according to
Clock genotype. We found that Clock C carriers with history of blood hypertension had a higher risk of
conversion to AD than Clock C carriers without hypertension. This difference was not detected in the
Clock non C carrier group. No other work, to the best of our knowledge, has previously studied the
possible influence of Clock gene polymorphisms on the effect of hypertension in conversion to AD in
this particular group of patients.

A limitation of this study is the small size of our cohort. In future we aim to expand our sample,
also including a healthy control group, to support our present results.

Secondly, the lack of quantitative data about dyslipidemia and hypertension did not allow us to
understand if our results might be different according to the level of blood lipids and blood pressure.
Another limitation of this study is that AD diagnosis was not supported by AD biomarkers. Future
researches including cerebrospinal fluid amyloid beta, tau and p-tau levels or neuroimaging data, as
amyloid PET, could provide interesting and additional information. Finally, as it is a single-center study,
there may be biases with regard to assessment and diagnosis procedures. On the other hand, this study
has some remarkable strengths. First of all, to the best of our knowledge, this is the first prospective
study that assessed the interaction of these clock genes polymorphisms with cardiovascular factors on
the risk or progression to AD in cohort of well-defined SCD and MCI patients. The second strength
is the very long mean follow-up time of 13 years. Moreover, non-converter patients had a longer
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follow-up time than patients who converted to AD. This is crucial information as follow-up time could
influence rate of conversion to AD. The long follow-up time in our sample allows us to minimize the
risk of classifying as stable subjects carrying an Alzheimer pathology who will convert later. Indeed,
the present study suggests an association between ApoE genotype and Clock T3111C with different
cardiovascular risk factors in a cohort of SCD and MCI patients. This interaction could influence
the progression to AD in this group of patients. Understanding the mechanisms by which genetic
and cardiovascular risk factors contribute to AD could inspire the development of new personalized
therapeutic approaches for this disease.
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Abstract: Background: The occurrence of Behavioral and Psychological Symptoms of Dementia
(BPSD) in Alzheimer’s Disease (AD) patients hampers the clinical management and exacerbates
the burden for caregivers. The definition of the clinical distribution of BPSD symptoms, and the
extent to which symptoms are genetically determined, are still open to debate. Moreover, genetic
factors that underline BPSD symptoms still need to be identified. Purpose. To characterize our Italian
AD cohort according to specific BPSD symptoms as well as to endophenotypes. To evaluate the
associations between the considered BPSD traits and COMT, MTHFR, and APOE genetic variants.
Methods. AD patients (n = 362) underwent neuropsychological examination and genotyping. BPSD
were assessed with the Neuropsychiatric Inventory scale. Results. APOE and MTHFR variants
were significantly associated with specific single BPSD symptoms. Furthermore, “Psychosis” and
“Hyperactivity” resulted in the most severe endophenotypes, with APOE and MTHFR implicated
as both single risk factors and “genexgene” interactions. Conclusions. We strongly suggest the
combined use of both BPSD single symptoms/endophenotypes and the “genexgene” interactions as
valid strategies for expanding the knowledge about the BPSD aetiopathogenetic mechanisms.

Keywords: behavioral and psychological symptoms of dementia (BPSD); Alzheimer’s disease (AD);
neuropsychiatry inventory scale (NPI); endophenotypes; CART analysis; MTHFR; APOE; COMT;
genetic variants

1. Introduction

The core clinical criteria for Alzheimer’s Disease (AD), the most common neurodegenerative
dementing illness, focus on the presence of memory disturbance or other cognitive symptoms that
interfere with the ability to function at work or in usual daily activities [1].

Although cognitive symptoms are the actual hallmark of disease, patients often show also a
broad range of “non-cognitive” disturbances, more commonly known with the term “Behavioral and
Psychological Symptoms of Dementia (BPSD)”. Highlighting the importance of these symptoms is
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pivotal because BPSD represents the leading reason for loss of independence and institutionalization
for AD patients [2–4]. About up to 90% of people with AD can present neuropsychiatric disturbances
including agitation, aggression, irritation, disinhibition, anxiety, depression, apathy, delusions, and
hallucinations at onset or later in the course of the disease [5,6].

Furthermore, BPSD can be recognized individually, but more often they occur in association.
Indeed, 50% of subjects with AD show at least four neuropsychiatric symptoms simultaneously [7].
Their clusterization into distinct domains based on their frequency of co-occurrence allowed the
definition of distinct behavioral endophenotypes [8]. In systematic reviews of studies that applied
unbiased approaches to cluster BPSD, the following domains were identified: Affective (anxiety and
depression), Disinhibition/Hyperactivity (aggression, impulsivity, and motor hyperactivity), Apathy
and Psychosis (hallucinations, delusions, and paranoia) [3,8,9]. However, the debate about the
definition of an appropriate clusterization in dementia is still ongoing [3]. More importantly, the
studies available to date are characterized by a high heterogeneity, also because a certain number of
symptoms (i.e., apathy, sleep disorders, eating disturbances) are not adequately grouped [3].

The susceptibility to BPSD is somewhat unclear as well as the molecular link between BPSD and
AD. Within this complex of aetiological interplay, genetic background has been considered one of the
key players involved in predisposing patients to specific behavioral and psychological manifestations in
AD [10]. Multiple genes, prevalently involved in the processes of neurotransmission/neurodevelopment,
have been assessed for their putative influence on BPSD risk, whose findings have been often
inconsistent (for review [10]). For instance, the Catechol-O-Methyltransferase (COMT) gene was
investigated in five published papers, four of which were conducted by the same authors [11–14], and
the association found with “frontal”/cognitive and “psychosis” endophenotypes was weak. COMT
protein is one of the major enzymes involved in the synaptic dopamine catabolism and, thus, has a
crucial role in the prefrontal cortex. The well-known functional single nucleotide polymorphism (SNP)
is characterized by a G to A transition at codon 108/158 (soluble/membrane-bound COMT) resulting
in a valine-to-methionine substitution, giving rise to a significant, three-to-four-fold reduction in its
enzymatic activity. The presence of valine (H allele = high activity) in the coding sequence corresponds
dose-dependently with reduced prefrontal dopamine levels, leading subsequently to the upregulation
of striatal dopamine activity [15].

On the other hand, the Apolipoprotein E (APOE) gene, the main recognized genetic risk factor
for late-onset AD (LOAD) (allele ε4) [16], seems to give more consistent results, with the well-known
alleles ε4 and ε2 associated with specific BPSD symptoms (for review [10]).

Thus, further new biological and molecular mechanisms could be involved in BPSD genetics
architecture. For instance, COMT also regulates the folate pathway [17]. Folate is a cofactor in
one-carbon metabolism, where it promotes the remethylation of homocysteine (Hcy). Numerous
studies associate the folate deficiency and the resultant increase of Hcy levels with AD [18]. Interestingly,
circulating Hcy levels in AD patients with and without BPSD were higher compared to the control
subjects, and the plasma Hcy concentration in AD patients with BPSD was the highest among
the three considered groups [19]. Hyperhomocysteinemia has been also correlated with psychosis
and depression [20–22]. The Methylene tetrahydrofolate reductase (MTHFR) gene, whose genetic
defects lead to hyperhomocysteinemia, could be a good and new candidate in the aetiopathogenetic
mechanisms of BPSD. Within this gene, the two most commonly studied SNPs are the C677T (rs1801133)
and the A1298C (rs1801131). The T allele of the C677T polymorphism provokes the synthesis of an
athermolabile variant of the enzyme leading to a reduced enzymatic activity, which in turn produce
an increase in the blood Hcy levels [23,24]. Recent findings supported that this allele was associated
with an increased risk of LOAD [25,26], and correlated with a significant increase of Hcy levels [27,28].
Concerning the A1298C, the C allele results in a reduced enzymatic activity, but does not influence its
thermolability [29,30].

Based on this rationale, in this study we analyzed an Italian cohort of AD patients in order to:
1. define the clinical distribution of BPSD symptoms through the characterization of single BPSD
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symptoms as well as of endophenotype clusters; 2. confirm and clarify the aetiopathogenetic effect
of APOE and COMT variants in relation to both single symptoms and behavioral endophenotypes,
selecting functional polymorphisms such as rs429358 (Cys130Arg) and rs7412 (Arg176Cys) and
Val108/158Met, respectively [15,16]; 3. evaluate for the first time the putative involvement of MTHFR in
single BPSD symptoms and likewise behavioral endophenotypes, selecting functional polymorphisms
such as C677T (rs1801133) and the A1298C (rs1801131) [23,24,29,30]; 4. highlight for individual
symptoms and endophenotypes a “single gene” involvement and/or a “genexgene” interaction of
APOE, COMT, and MTHFR.

2. Materials and Methods

2.1. Sample and Clinical Evaluation

The study was approved by the Local Ethics Committee (IRCCS Istituto Centro San Giovanni di
Dio Fatebenefratelli, Brescia, Italy, n. 6/2006) and conducted in accordance with local clinical research
regulations. Written informed consent was obtained from all participants.

AD subjects (n = 362) were recruited from the Alzheimer Unit of the IRCCS Istituto Centro
San Giovanni di Dio Fatebenefratelli, Brescia, Italy. All patients were unrelated Caucasian subjects
residing in Northern Italy with an Italian origin descent for at least two generations. All of them
were assessed at their admittance with a complete sociodemographic and clinical data collection
(cognitive, behavioral, neurological, functional, and physical abilities). A multidisciplinary clinical
examination was performed and the diagnosis of probable AD was established based on criteria of
the “National Institute of Neurological and Communicative Disorders” and the “Stroke-Alzheimer’s
disease and Related Disorders Association” [31]. To assess cognitive decline, the Mini Mental State
Examination (MMSE) test was used [32], in addition to the Cumulative Illness Rating Scale for Geriatrics
(CIRS-G) [33]; function abilities were evaluated with the Basic Activity Daily Living (BADL), and the
Instrumental Activity Daily Living (IADL) scales [34,35].

BPSD were assessed with the Neuropsychiatric Inventory (NPI) scale [36], a fully structured
interview exploring 12 behavioral and neuropsychiatric domains (i.e., delusions, hallucinations,
agitation/aggression, disphoria/depression, anxiety, apathy, irritability, euphoria, disinhibition, aberrant
motor behavior, sleep behavior disturbances, besides appetite and eating abnormalities). It specifically
provides an individual score for each explored cognitive domain specifically obtained by multiplying
the severity of symptoms (1 =mild; 2 =moderate; 3 = severe) with their frequencies (4-point scale
from 1 = occasionally to 4 = very frequently, more than once a day). The NPI then yields a domain
rating of frequency times severity (range = 0–12). In agreement with a group of expert clinicians,
each of the 12 behavioral/neuropsychiatric symptoms was classified in three groups, according to the
“severity*frequency” score: 1—symptom-free (NPI = 0); 2—with low “severity*frequencies” score (NPI
from 1 to 4); 3—with high “severity*frequencies” score (NPI from 6 to 12). Moreover, NPI provides a
total score that globally evaluates the 12 domains for a complete clinical picture given by the sum of
the individual scores (defining a range from 0 to 144).

The adopted exclusionary criteria for subjects were: (a) A history of schizophrenia, schizoaffective
disorder, delusional disorder, mood disorder with psychotic features, major depressive disorder,
substance use disorder, or mental retardation according to The Diagnostic and Statistical Manual
of Mental Disorders (DSM-IV) criteria; (b) severe cerebrovascular disorders, hydrocephalus and
intra-cranial mass, documented by Computed Tomography or Magnetic Resonance Imaging within the
past 12 months; (c) abnormalities in serum folate and Vitamin B12, syphilis serology or altered thyroid
hormone levels; (d) a history of traumatic brain injury or other neurological diseases (e.g., Parkinson’s
Disease, Huntington Disease, seizure disorders); (e) current acute or poorly controlled medical problems
(e.g., poorly controlled diabetes or hypertension; cancer within the past five years; clinically significant
hepatic, renal, cardiac or pulmonary disorders); (f) absence of knowledgeable informant who could
properly report information regarding the patient’s behavior.
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2.2. Genetic Analysis

Genomic DNA (gDNA) was extracted from peripheral blood with the PureGene genomic DNA
isolation kit (Gentra Systems, Minneapolis, MN, USA). The obtained gDNA was quantified by
spectrophotometric quantification using the NanoDrop microvolume sample retention system (Thermo
Fisher Scientific, Waltham, MA, USA) [37]. In order to verify the possible degradation, all samples were
analyzed on a 0.8% agarose gel electrophoresis and a long Polymerase Chain Reaction (PCR) protocol
was developed for exploring genetic variability in MTHFR, COMT, and APOE.

In all samples, the MTHFR [rs1801133 (C677T) and rs1801131 (A1298C)], COMT [rs4680
(Val158Met)], and APOE [rs429358 (Cys130Arg) and rs7412 (Arg176Cys)] polymorphisms were
genotyped by using the SNaPshot assay [38]. Briefly, 100 ng of gDNA of each sample were amplified in
the GeneAmp PCR System 9700 (Applied Biosystems, Foster City, CA, USA), and the PCR-amplification
products were used as a template in a SNaPshot Multiplex assay performed according to the
manufacturer’s instructions. Finally, samples were analyzed, and the allele peak determination
was performed on an ABI 3130xl Genetic Analyzer. Electrophoresis results were analyzed using the
GeneMapper ID software v4.0 (Applied Biosystems, Foster City, CA, USA).

2.3. Statistical Analyses

All statistical analyses were conducted by using the SPSS version 23.0 (SPSS Inc., Chicago, IL,
USA). The Hardy-Weinberg equilibrium (HWE) was calculated using an online calculator (http://www.
husdyr.kvl.dk/htm/kc/popgen/genetik/applets/kitest.htm) for the presence of multiallelic genotypes.

2.3.1. Principal Component Analysis (PCA)

In the first exploratory phase, the set of symptoms from the NPI scale was factorially analyzed to
identify possible underlying latent variables. The Principal Component Analysis (PCA) method and
Varimax rotation were performed. The number of factors was determined on the basis of eigenvalues
greater than one of the Pearson’s correlation matrix, and by sharp breaks in the size of the eigenvalues
using a scree plot [39]. Symptom-factor correlations, (i.e., factor loading) being greater than 0.40 in
absolute value were chosen to identify a simple factor structure (i.e., factors with non-overlapping
clusters of symptoms).

2.3.2. Classification and Regression Tree (CART) Analysis for Single BPSD Symptoms
and Endophenotypes

The Classification and Regression Tree (CART) analysis using the exhaustive Chi-squared
Automatic Interaction Detector (CHAID) algorithm was performed to explore the interaction between
single BPSD symptoms as well as endophenotypes and all polymorphisms in APOE, MTHFR, and
COMT genes in the BPSD cohort [40,41]. Specifically, we performed the analyses considering ε4 carriers
(ε2ε4 + ε3ε4 + ε4ε4 genotypes) versus the others indicated as APOE ε4 non-carriers (ε2ε3 + ε3ε3
genotypes). APOE allele ε4 carriers, the carriers of both alleles in 677C/T MTHFR, in 1298A/C MTHFR,
and in Val108/158Met COMT genes polymorphisms were used as a dominant model of inheritance.
Moreover, the comparisons were performed incorporating “Free group” (NPI 0) along with “Low
group” (NPI 1–4) versus “High group” (NPI 6–12). This is due to the evidence that “Low group” is
present in our population with a frequency < 20%. As this study does not have a longitudinal design,
we assumed causality in our CART model [https://www.epa.gov/caddis-vol4/caddis-volume-4-data-
analysis-classification-and-regression-tree-cart-analysis].

The exhaustive CHAID data mining algorithm is a nonparametric procedure that makes no
assumptions of the underlying data. In the CHAID analysis, nominal, ordinal, and continuous data can
be used, where continuous predictors are split into categories with approximately an equal number of
observations. CHAID creates all possible cross tabulations for each categorical predictor until the best
outcome is achieved and no further splitting can be performed [42]. In the CHAID technique, we can
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visually see the relationships between the split variables and the associated related factor within the
tree. The development of the decision, or classification tree, starts with identifying the target variable
or dependent variable, which would be considered the root. CHAID analysis splits the target into
two or more categories that are called the initial, or parent nodes, and then the nodes are split using
statistical algorithms into child nodes.

The exhaustive CHAID data mining algorithm automatically pruning insignificant nodes in a
decision tree was constructed through the IBM SPSS 23 statistical package program. It works on
the basis of F test if a continuous dependent variable is used as in our study (endophenotypes),
whereas, if the predictor variable has only two categories (single items), the χ2-test for independence is
performed for each pair of categories of the predictor variable in relation to the binary target variable.
For non-significant outcomes, those paired categories are merged.

Minimum subject numbers for the parent and child nodes were fixed at 20 and 10 for constructing
an optimal decision tree structure and improving the predictive performance of the algorithms.
A ten-fold cross validation was activated in the study.

Since the analyses were conducted by using decision tree models, it was not needed to have
transformed data.

SPSS automatically made a Bonferroni adjustment to calculate the adjusted p-values for the
merged categories to control for the Type I error rate.

To exclude the influence of age and gender, we performed the univariate analyses (ANOVA) related
to BPSD endophenotypes, including the variables age or gender. Selecting ENDOPHENOTYPES
(“Psychosis”, “Hyperactivity”, “Mood”, “Frontal”) as a dependent variable, AGE as covariate, SEX as an
independent variable, we did not find any significant association in separate analyses (Table S1—gender
and Table S2—age, Supplementary Materials). The only significant association was observed in the
“Mood” endophenotype (Table S1, F = 4.7; p = 0.032); data not confirmed by the exhaustive CHAID
data mining algorithm. Thus, given the non-significant analyses, age and sex were not included in the
calculations. Medications as well as comorbidity were not included in our analyses.

The Hosmer-Lemeshow goodness of fit test was used to confirm the suitability of the trees.
The interactions were given by calculating the sum of the scores relative to “severity*frequencies” of
the single BSPD symptoms components as a mean risk ± SD.

The stepwise multiple logistic regression was used to confirm the classification trees.

3. Results

Socio-demographic and clinical features of our Italian AD cohort, as well as the alleles, genotypes,
and carriers frequencies of the all polymorphisms in APOE, MTHFR, and COMT genes are shown in
Tables 1 and 2. Table 1 describes also the clinical features according to stratification for gender; whereas
in Table 2 we reported the HWE results where no HWE deviation was observed.

3.1. Clinical Characterization according to Single NPI Scores

Three hundred and eight patients were characterized by the NPI scale. Considering the NPI
scores and the relative proposed ranges (Table 3), our population was mainly characterized by
agitation, irritability, night-time behavior disturbances, and aberrant motor behavior. Within each
group, we found that: 52% of AD patients showed higher severity in agitation symptomatology, 48%
in irritability, 42% in night-time behavior disturbances and, finally, 39% showed higher severity in
aberrant motor behavior.

Slightly less representative in our sample, there were: Apathy (28% higher severity), delusions (29%
higher severity), anxiety (25% higher severity), depression (22% higher severity), and hallucinations
(21% higher severity).

On the contrary, appetite and eating disturbances were referred in only a minority of patients,
while no one presented disinhibition or euphoria according to their caregivers’ reports.
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Table 1. Clinical features of our Alzheimer’s Disease Italian cohort, stratified according to gender.

Gender (F/M) 241/121 Female Male

Age (years) 80.5 ± 7.0 80.9 ± 7.1 79.7 ± 6.7
Schooling (years) 6.0 ± 3.6 5.4 ± 2.9 7.4 ± 4.4
MMSE, total score 11.7 ± 7.3 12.0 ± 6.9 10.9 ± 8.1

Onset (years) 76.1 ± 7.9 76.5 ± 8.1 75.4 ± 7.6
Illness Duration (years) 4.5 ± 2.9 4.4 ± 2.6 4.5 ± 3.5

BMI 22.3 ± 4.1 22.2 ± 4.2 22.5 ± 3.8
IADL 7.2 ± 1.5 7.4 ± 1.2 6.8 ± 1.9
BADL 3.7 ± 1.9 3.6 ± 1.9 3.8 ± 1.8
Tinetti 19.8 ± 5.4 19.8 ± 5.2 19.6 ± 5.9
CIRS 12.7 ± 9.7 12.2 ± 9.5 13.8 ± 10.0

Hypertension 27.9% 29.5% 24.8%
Cardiopathy 28.7% 26.1% 33.9%

Hypercholesterolemia 4.7% 5.8% 2.5%
Diabetes 6.6% 5.4% 9.1%

Psychiatric diseases 26.0% 27.4% 23.1%

AChEIs 20.2% 21.6% 17.4%
Neuroleptics 45.5% 41.1% 51.2%

Antidepressants 45.6% 46.9% 43.0%
Benzodiazepines/hypnotics 41.4% 46.1% 32.2%

Note: The measurement data are expressed as mean ± standard deviation (mean ± SD) or in percentual (%). MMSE:
Mini-Mental State Examination; BMI: Body max index; IADL: Instrumental activities daily living; BADL: Basic
activities of daily living; Tinetti; CIRS: Cumulative illness rating scales; AChEIs: Acetylcholinesterase inhibitors.

Table 2. Genetic distribution of our Alzheimer’s Disease Italian cohort for APOE, MTHFR, and COMT
genes polymorphisms.

APOE Haplotypes
(rs429358 and rs7412)

MTHFR
(rs1801133: C677T)

MTHFR
(rs1801131: A1298C)

COMT
(rs4680: V158M)

HWE χ2 = 0.91 p = 0.92 HWE χ2 = 1.70 p = 0.19 HWE χ2 = 0.53 p = 0.47 HWE χ2 = 1.22 p = 0.27

Alleles N freq Alleles N freq Alleles N freq Alleles N freq

ε2 20 0.03 T 314 0.43 A 499 0.69 A 330 0.46
ε3 510 0.70 C 410 0.57 C 225 0.31 G 394 0.54
ε4 194 0.27

total 724 1.00 total 724 1.00 total 724 1.00 total 724 1.00

Genotypes N freq Genotypes N freq Genotypes N freq Genotypes N freq

ε2 ε3 16 0.04 TT 62 0.17 AA 169 0.47 AA 70 0.19
ε2 ε4 4 0.01 TC 190 0.52 AC 161 0.44 AG 190 0.52
ε3 ε3 178 0.49 CC 110 0.30 CC 32 0.09 GG 102 0.28
ε3 ε4 138 0.38
ε4 ε4 26 0.07

total 362 1.00 total 362 1.00 total 362 1.00 total 362 1.00

ε2 carriers 20 0.06 T carriers 252 0.70 A carriers 330 0.91 A carriers 260 0.72

ε3 carriers 332 0.92 C carriers 300 0.83 C carriers 193 0.53 G carriers 292 0.81

ε4 carriers 168 0.46

Note: APOE: Apolipoprotein E; MTHFR: Methylenetetrahydrofolate Reductase; COMT: Catechol-O-Methyltransferase;
HWE: Hardy-Weinberg equilibrium.
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Table 3. Clinical distributions of single Behavioral and Psychological Symptoms of Dementia (BPSD)
in our Italian Alzheimer’s Disease cohort.

“Severity*Frequencies” Groups
N Subjects (%) &

Symptoms
(“Severity*Frequencies” = 0–12) Mean ± SD §

Free Low High

(NPI 0) (NPI 1–4) (NPI 6–12)

Agitation 4.96 ± 4.32 102 (33.0) 47 (15.2) 160 (51.8)
Irritability 4.57 ± 4.25 109 (35.4) 52 (16.9) 147 (47.7)

Night-time behavior disturbances 4.22 ± 4.55 136 (44.0) 44 (14.2) 129 (41.7)
Aberrant motor behavior 4.12 ± 4.72 148 (48.2) 39 (12.7) 120 (39.1)

Apathy 3.03 ± 4.19 178 (58.0) 42 (13.7) 87 (28.3)
Delusions 3.00 ± 4.00 166 (54.1) 52 (16.9) 89 (29.0)
Anxiety 2.53 ± 4.10 200 (65.4) 30 (9.8) 76 (24.8)

Depression 2.50 ± 3.90 185 (60.3) 53 (17.3) 69 (22.5)
Hallucination 2.30 ± 3.55 187 (60.9) 55 (17.9) 65 (21.2)

Appetite and eating disturbances 1.94 ± 3.59 223 (72.2) 28 (9.1) 58 (18.8)
Disinhibition 0.93 ± 2.44 253 (82.4) 28 (9.1) 26 (8.5)

Euphoria 0.12 ± 0.86 299 (97.4) 6 (2.0) 2 (0.7)
NPI, total score (0–144) 34.1 ± 22.6

NPI, n symptoms 4.9 ± 2.4

Note: § Mean ± standard deviation (SD) of the scores relative to “severity*frequencies” of the single items.
& Number (N) and percentage (%) of subjects present in each group (Free, Low, and High) compared to individual
symptoms. Free: “severity*frequencies” score (NPI 0) for all the individual symptoms; Low: “severity*frequencies”
score (NPI 1–4) for all the individual symptoms; High: “severity*frequencies” score (NPI 6–12) for all the
individual symptoms.

3.2. Clinical Characterization according to Behavioral Endophenotypes

The results of the exploratory factor analysis on BPSD in AD, conducted by PCA and Varimax
rotation, are shown in Table 4. Using the criterion of eigenvalues greater than 1 and the scree plot, PCA
allowed grouping the 12 explored BPSD symptoms in four endophenotypes. These factors explained
the 56% of the total variance of data. Specifically, thanks to this approach, the following clinical
categories were established in our cohort: (a) “Psychosis” characterized by delusions, hallucinations,
agitation, aberrant motor behavior, and night-time behavioral symptoms; (b) “Hyperactivity” with
agitation, irritability, appetite and eating disturbances; (c) “Mood” associated with high loadings on
anxiety, depression, and apathy; (d) “Frontal” including disinhibition and euphoria.

The endophenotypes more representative in our population were “Psychosis” (37% higher
severity), and “Hyperactivity” (39% higher severity). These were followed by the “Mood” and
“Frontal” endophenotypes (Table 5).

3.3. APOE, MTHFR, and COMT Genetic Correlates in Endophenotype Clusterization and in Single
BPSD Symptoms

All polymorphisms investigated in this study within the APOE, MTHFR, and COMT genes
showed a prevalence comparable to that reported in https://www.alzforum.org/, considering Caucasian
Populations (Table 2). Globally, the prevalence of ε2, ε3, and ε4 alleles for the APOE gene was estimated
to be 8%, 78%, and 14%, respectively; for rs1801133 MTHFR gene to be 39% (allele T) and 61% (allele
C); for rs1801131 MTHFR gene to be 34% (allele C) and 66% (allele A); for Val108/158Met COMT gene
to be 49% (allele A) and 51% (allele G).

In order to explore the genetic correlates in both approaches, we exploited the potential of genetic
analysis by using the exhaustive CHAID data mining algorithm to reveal “genexgene” interaction as
aetiopathogenetic mechanisms in BPSD. The Hosmer-Lemeshow goodness of fit test confirmed the
suitability of the trees (Table S3 Supplementary Materials). Moreover, the stepwise multiple logistic
regression validated the classification trees (Tables S4 and S5 Supplementary Materials).
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Table 4. Principal component analysis (PCA) of the Behavioral and Psychological Symptoms of
Dementia (BPSD) in our Italian Alzheimer’s Disease cohort.

Symptoms

Endophenotype Components

Factor 1 Factor 2 Factor 3 Factor 4

Mood Hyperactivity Psychosis Frontal

Delusions 0.276 0.372 0.463 0.144
Hallucination 0.022 0.011 0.690 0.248

Agitation 0.058 0.654 0.468 0.068
Depression 0.855 0.058 0.166 0.089

Anxiety 0.820 0.062 0.156 0.075
Euphoria −0.040 −0.109 0.186 0.766
Apathy 0.579 0.292 −0.212 −0.184

Disinhibition 0.131 0.376 −0.166 0.687
Irritability 0.028 0.645 0.367 0.119

Aberrant motor behavior 0.104 0.373 0.402 −0.157
Night-time behavior disturbances 0.029 0.056 0.621 −0.087
Appetite and eating disturbances 0.191 0.671 −0.157 0.014

Note: Extraction method: Principal component analysis. Rotation Method: Varimax with Kaiser normalization.
Coefficients with values over 0.4 are italicized and in bold.

Table 5. Clinical distributions of behavioral endophenotypes in our Italian Alzheimer’s Disease cohort.

Mean of N Subjects ± SD £

(% Mean of N Subjects ± SD) $

Endophenotypes (Components;
“Severity*Frequencies” Range)

Mean ± SD § Free Low High

Psychosis (Delusions, Hallucination,
Agitation, Aberrant motor behavior,

Night-time behavior disturbances; 0–60)
18.5 ± 13.3 148 ± 32 (48.0 ± 10.5) 47 ± 6 (15.4 ± 2.1) 113 ± 37 (36.6 ± 11.8)

Hyperactivity (Agitation, Irritability,
Appetite and eating disturbances; 0–36) 11.4 ± 9.2 145 ± 68 (46.9 ± 22.0) 42 ± 13 (13.7 ± 4.1) 122 ± 56 (39.4 ± 18.0)

Mood (Depression, Anxiety, Apathy; 0–36) 8.1 ± 9.4 188 ± 11 (61.2 ± 3.8) 42 ± 12 (13.6 ± 3.7) 77 ± 9 (25.0 ± 3.0)

Frontal (Euphoria, Disinhibition; 0–24) 1.0 ± 2.7 276 ± 33 (89.9 ± 10.6) 17 ± 16 (5.5 ± 5.1) 14 ± 17 (4.6 ± 5.5)

Note: § Mean ± standard deviation (SD) of the scores relative to “severity*frequencies” of the endophenotype
components. Free: NPI = 0 for all the individual components involved in the endophenotype; Low: Sum of
the “severity*frequencies” score (NPI 1–4) for all the individual components involved in the endophenotype;
High: Sum of the “severity*frequencies” score (NPI 6–12) for all the individual components involved in the
endophenotype. £ Mean number of subjects N ± SD present in each group (Free, Low, and High) compared to
individual endophenotypes. $ Percentage (%) of the mean of the number of subjects (N ± SD) present in each group
(Free, Low, and High) compared to individual endophenotypes.

3.3.1. “Genexgene” Interactions in “Psychosis” Endophenotype and the Relative Single BPSD
Symptoms

Table 6 reports the main significant results obtained in the genetic analyses performed on single
BPSD symptoms. Starting by the agitation, we found that the APOE ε4 allele carriers showed a high
risk to develop more severe symptoms (odd ratio (OR) = 1.87, 95% CI: 1.19–2.95). Concerning the
aberrant motor behavior, we evidenced similar results with APOE ε4 allele carriers showing higher risk
to develop high severity in this symptomatology (OR = 1.91, 95% CI: 1.20–3.04). In relation to MTHFR,
we found that the homozygotes CC (C677T) showed a high risk to develop more severe delusions
symptoms (OR = 1.75, 95% CI: 1.04–2.94).
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Table 6. Genetic correlates related to single BPSD symptoms in our Italian Alzheimer’s Disease cohort
according to different values of “severity*frequencies” (exhaustive CHAID data mining algorithm).

Gene
Free + Low & High &

N (Freq.) N (Freq.)

Agitation

APOE
χ2 = 7.435, padjusted = 0.006

OR = 1.87; 95% CI: 1.19–2.95
ε4-carriers 58 (0.39) 86 (0.54)

ε4-non-carriers 91 (0.61) 72(0.46)

total 149 (1.00) 158 (1.00)

Aberrant motor
behavior

APOE
χ2 = 7.553, padjusted = 0.006

OR = 1.91; 95% CI: 1.20–3.04
4-carriers 76 (0.41) 68 (0.57)

ε4-non-carriers 111 (0.59) 52 (0.43)

total 187 (1.00) 120 (1.00)

Delusions

MTHFR
χ2 = 4.363, padjusted = 0.037

OR = 1.75; 95% CI: 1.04–2.94
CC 59 (0.27) 35 (0.39)

Genotypes_C677T 159 (0.73) 54 (0.61)

T-carriers_C677T 218 (1.00) 89 (1.00)

Appetite/eating
abnormalities

APOE
χ2 = 5.922, padjusted = 0.015
OR = 2.06; 95% CI: 1.14–3.71

ε4-carriers 109 (0.44) 35 (0.60)

ε4-non-carriers 141 (0.56) 22 (0.40)

total 250 (1.00) 57 (1.00)

Note: & Free + Low: “severity*frequencies” scores (NPI 0–4) for all individual symptoms; High: “severity*frequencies”
scores (NPI 6–12) for all the individual symptoms. OR: Odd ratio.

On the contrary, no genetic correlates were observed for night-time behavior disturbances.
These results were further represented as decision model trees in Figure S1 (Supplementary Materials).
When we considered the “Psychosis” endophenotype as whole, we confirmed the effect of APOE

ε4 allele alone (risk mean = 20.7, 95% CI: 18.5–22.9), but also a “genexgene” interaction with MTHFR
for both polymorphisms. In particular, APOE ε4 non-carriers along with the homozygotes CC (C677T)
showed a high risk to develop psychosis (risk mean = 20.2, 95% CI: 18.9–29.3), but also with the
homozygotes CC (C677T) and with the 1298A allele carriers (risk mean = 23.1, 95% CI: 18.7–27.6)
(Figure 1A).

3.3.2. “Genexgene” Interactions in “Hyperactivity” Endophenotype and the Relative Single
BPSD Symptoms

For irritability symptoms, no genetic correlates were observed, whereas for agitation, the results
are reported above. Although in an unrepresentative sample, a risk role of APOE ε4 allele was
found with higher severity in appetite/eating abnormalities (OR = 2.06, 95% CI: 1.14–3.71) (Table 6).
These results were further represented in Figure S1 (Supplementary Materials) as decision model trees.

When we consider the “Hyperactivity” endophenotype as a whole, the most significant result
is represented by the risk role of APOE ε4 allele (risk mean = 13.2, 95% CI: 11.8–14.7). Moreover, an
interaction with the MTHFR C677T CC genotype and APOE ε4 non-carriers was observed (risk mean
= 12.1, 95% CI: 9.7–14.4) (Figure 1B).

3.3.3. “Genexgene” Interactions in “Mood”/”Frontal” Endophenotypes and the Relative Single
BPSD Symptoms

No significant results were found for these endophenotype as well as for the relative single
BPSD symptoms.

245



J. Pers. Med. 2020, 10, 90

Figure 1. Exhaustive Chi-squared Automatic Interaction Detector (CHAID) data mining algorithm
analysis results (“genexgene” interaction) for “Psychosis” (A) and “Hyperactivity” (B) endophenotypes.
Note: Mean ± SD is given by the sum of the scores relative to “severity*frequencies” of the
endophenotype components. For other haplotypes, we meant “APOE ε4 non-carriers”.

4. Discussion

This study wants to deeply define the clinical distribution of BPSD symptoms in an Italian cohort of
AD patients by the NPI scale. To the best of our knowledge, this is the largest BPSD cohort investigated
until now. In this population, “Psychosis” and “Hyperactivity” endophenotypes as well as “agitation”
as single symptoms were revealed to be associated with a high severity in symptomatology. In addition,
“Mood” was associated to lower mean values, and, for last there was the “Frontal” endophenotype.
As major clinical information, we suggest two combinatorial approaches to characterize a BPSD
cohort: through 12 individual symptoms as well as four specific behavioral and neuropsychiatric
endophenotypes. This choice allows us to overcome the limitations linked to a single methodological
approach, bringing to light the interconnected aspects of the complex pathogenic mechanisms of
BPSD. Moreover, we strongly propose analyzing the genetic correlates also in relation to single BPSD
symptoms as well as to BPSD endophenotypes. This represents a valid strategy for expanding the
knowledge about the aetiopathogenetic mechanisms of BPSD. There is more. We strongly suggest the
use of both strategies also in relation to the genetic approach “single gene” involvement/“genexgene”
interaction, because this contributes to clarifying deeply the complex genetic architecture underlying
BPSD. The main results obtained in this work are represented by the involvement of APOE as a
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“single gene” in the modulation of the severity in agitation, also reflected in ”Psychosis” as well
as in “Hyperactivity” endophenotypes, and in aberrant motor behavior. Moreover, we found the
involvement of APOE also in the “genexgene” interaction with MTHFR (both polymorphisms) as risk
factors for “Psychosis”. MTHFR as a “single gene” was associated to higher severity of delusions.
This implicates that specific functional variants in APOE and MTHFR genes can impact on the relative
proteins’ translation and thus on their activity [16,23,24,29,30], to influence specific BPSD traits. No
associations or minor relevant results include the “Frontal” endophenotype (euphoria and disinhibition)
and the relation between APOE and appetite/eating abnormalities.

Neuropsychiatric symptoms are frequent in dementia and contribute significantly for burden
caregiver and illness costs. Correct identification and evaluation of these symptoms is a crucial part of
the clinical approach to dementia. Despite the added value and tentative efforts to group different
symptoms into clusters (to facilitate clinical/diagnostic/treatments investigations), there is not yet an
established model. Cerejeira et al., 2012 [3] reviewed different studies showing the heterogeneity in
the clusterization of behavioral endophenotypes, even though a certain concordance can be found.
Delusions and hallucinations have been consistently grouped in “Psychosis”. A distinct “Mood” or
“Affective” cluster (depression and anxiety) has been suggested, in accordance with our study. On the
contrary, some studies support that apathy and depression are distinct phenomena and belong to
different neuropsychiatric syndromes, whereas others group both symptoms in the same factor [3],
as in our case study. The frequencies of BPSD symptoms in the AD population can change [43].
As reported in Deardorff and Grossberg, 2019 [43], apathy is the most common BPSD symptom in AD
(49%), followed by depression (42%), agitation and aggression (40%), psychosis (delusions, 31% and
hallucinations, 16%), and sleep disturbances (39%). Such a distribution is different as compared to our
BPSD/AD cohort.

These discrepancies could be related to different factors. First of all, the distribution of BPSD
symptoms is strongly linked to differences in patient populations, their ethnicity, and composition
(for instance whether the patients are affected by AD or by other neurodegenerative disorders). A small
sample size is an important limitation. This study represents the larger cohort available to date, that
permits performing a better stratification according to BPSD symptoms, where the range of symptoms
has been precisely defined, besides being crucial to detect significant genetic associations. Indeed,
genome-wide association studies and studies examining copy number variations performed in AD and
psychosis have detected only suggestive underpowered associations in intronic SNPs (review in [44,45]).
Moreover, individual symptoms evolve differently over the course of dementia. Notwithstanding the
general impression that the overall level of psychopathology increases with dementia severity, they
have a tendency to wax and wane, their severity fluctuating over time. For this reason, longitudinal
studies are required to achieve significant insights into the evolution of BPSD during the course of
disease [3]. Finally, the choice of setting for patient recruitment is a further important selection bias:
Nursing home dwellers, inpatients, or patients treated in an ambulatory setting. The most inclusive
population-based studies recruit “real-life” patients, making the results much more practical, although
at a price of numerous medical, environmental, and drug-related confounders [10]. In our case, we
have recruited patients from the department of our hospital, who in the majority of cases, enter for a
control of BPSD. Thus, for definition, they are affected by disorders with a more prevalent “agitated”
symptomatology rather than “apathy”.

If age is the greatest risk factor for AD, the ε4 allele of the APOE is the greatest genetic risk
factor for LOAD [16]. ε4 carriers showed higher severity in agitation symptoms, grouping in
“Hyperactivity”/”Psychosis” endophenotypes. The single association with agitation is confirmed
in different studies, including recent reviews [10,46,47]. Based on neuroimaging studies,
agitation is associated with volume loss in the frontal cortex, circulate cortex, insula, amygdala,
and hippocampus [48]. Neurochemically, agitation is associated with decreased cholinergic activity
in the frontal and temporal cortex. Interestingly, AD patients carrying the APOE ε4 allele show a
more profound loss in cholinergic activity in the hippocampus and the cortex, and in neuroimaging
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studies the presence of the APOE ε4 allele was associated with a greater rate of hippocampal, cortical,
and whole-brain atrophy [10]. On the other hand, there are also negative studies, reporting no
associations of this gene with agitation [49]. These findings, thus, further emphasize the importance of
sub-grouping BPSD in distinct neuropsychiatric syndromes. In fact, we found an association of APOE
also within “Hyperactivity”/”Psychosis” endophenotypes. We therefore support the evidence on the
role played by the allele ε4 as a risk factor in these endophenotypes, along with the importance of the
BPSD clusterization.

The ε4 carriers showed also higher severity in aberrant motor behavior, the finding was confirmed
also in other different studies [50–52], where they demonstrated that the APOE ε4 status increased the
tendency toward this symptom.

Another more significant result of this work regarding the “genexgene” interactions between
APOE and MTHFR (both polymorphisms) as risk factors for higher severity in the “Psychosis”
endophenotype, underlies the important role played by MTHFR as a single gene in delusions (genotype
CC of C677T). This interaction was observed also in “Hyperactivity”. What is highlighted from the
CART analysis, is that also the other APOE ε4 non carriers can play a role, and this is performed through
the interactions with the CC genotype (C677T) and/or 1298A allele carriers. Different studies supported
the epistatic effect between MTHFR and APOE on cognitive performance in the elderly but also in
AD [53–55]. Moreover, plasma homocysteine concentrations are associated with increased amyloid-β
(Aβ) deposition in the brain [28]. Although this effect was supported, no studies are available to
confirm this interaction also in the psychosis/hyperactivity dimension. The most probable hypotheses
behind this result could be that MTHFR contributes to the regulation of relin [56], whose expression
is decreased in the hippocampus of subjects suffering from schizophrenia and major depressive
disorder (MDD) [57]. Relin binds to the receptor for APOE, and might thus similarly modulate
glutamatergic neurotransmission, altered in psychosis. Moreover, a significant positive correlation of
serum homocysteine levels was found with delusions [58].

In relation to COMT as a “single gene”, we did not confirm the results reported by Borroni et al.,
2006 [12,13]. Further studies are needed to clarify the role of this gene, that seems to be less relevant as
compared to the findings found for APOE and MTHFR genes, also in their interaction.

If we select in PubMed the following keywords “BPSD-gene-Alzheimer”, we found 32 results
where the studies have been actively published until 2013, from 2013 to 2020 there are only seven works
performed on the genetics of BPSD. To date, the classic limitations linked to genetic studies remain and
there is still the necessity of: larger cohorts with appropriate assessment tools and statistical methods
with correction for multiple testing. There are limitations regarding inconsistent data in genome-wide
association studies with prevalently intronic SNPs detection and presence of confounders influencing
the associations. In this study, appropriate statistical tools such as the exhaustive CHAID data mining
algorithm were used allowing to obtain the adjusted p-values for multiple testing, and where age and sex
did not influence the calculations. The only variable not included in our analyses was “Medications”.
Medications as well as comorbidity are clinical information extremely heterogeneous in a BPSD
population, including our cohort (Table 1). To include “Medications” or “Comorbidity” as variables
in the statistical analyses would result in being overly complex, especially in a sample of sample
sizes such as ours. Thus, we suggest that future studies should consider these variables, but starting
from homogeneous groups for medications and for comorbidity, on which then to investigate the
genetic correlates.

Although aware that further studies are still needed, we want to ignite the enthusiasm and
encourage more research to deepen the etiopathogenetic mechanisms of BPSD in AD, starting by
a well-defined BPSD population, appropriate statistical methods with multiple corrections, larger
sample, and “genexgene” and possibly “genexenvironment” interactions. This permits not only to
facilitate a clinical/diagnostic assessment, but also and mainly to define appropriate treatments chosen
that, to date, represent the major concern for the clinicals.
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5. Conclusions

We strongly suggest the combined use of both BPSD single symptoms/endophenotypes and
the “genexgene” interactions as valid strategies for expanding the knowledge about the BPSD
aetiopathogenetic mechanisms.
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different values of “severity*frequencies”.
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Abstract: Alzheimer’s disease (AD) is the sixth leading cause of death and is correlated with obesity,
which is the second leading cause of preventable diseases in the United States. Obesity, diabetes,
and AD share several common features, and inflammation emerges as the central link. High-calorie
intake, elevated free fatty acids, and impaired endocrine function leads to insulin resistance and
systemic inflammation. Systemic inflammation triggers neuro-inflammation, which eventually
hinders the metabolic and regulatory function of the brain mitochondria leading to neuronal damage
and subsequent AD-related cognitive decline. As an early event in the pathogenesis of AD, chronic
inflammation could be considered as a potential biomarker in the treatment strategies for AD.

Keywords: obesity; diabetes; inflammation; Alzheimer’s disease; Amyloid Beta; Tau; biomarker;
mitochondrial dysfunction

1. Introduction

Alzheimer’s disease (AD) is a progressive and irreversible brain disorder that begins well before
the clinical symptoms appear. The actual symptoms may appear only after several years of changes
in the brain due to damage or destruction of brain cells (neurons) in the area involved in cognitive
function such as memory, thinking, and learning [1]. AD slowly abolishes brain function and hinders
thinking ability. AD is recognized as a common cause of an estimated 60–80% of cases of dementia [2].
The early clinical symptoms of AD have been described as difficulty in conversations and depression
and is followed by disorientation, confusion, impaired communication, behavioral changes, and,
eventually, trouble in speaking and walking. At the critical stage, consequences are fatal and the
patients are bed-bound and need special attention such as round-the-clock care [3].

AD prevalence is escalating rapidly worldwide especially among the population aged 65 years
and older. In the United States, it has been reported that, in 2019, an estimated 5.8 million Americans
were living with AD-related dementia and, among them, 81% were aged 75 or older and 200,000
individuals were under 65 years of age [3]. The numbers have been projected to grow from the
current 55 million to 88 million [3], approximately doubling by 2050 [4]. This alone depicts the
magnitude of the burden of AD on health care and the overall society in the future. Considering
disability-adjusted life years (DALYs) as a primary measure of disease burden, in the United States,
AD has risen from the 12th most burdensome disease in 1990 to the 6th most burdensome disease in
2016 [5]. It has been estimated that, in 2019, the healthcare burden will be around $290 million [3].
Collectively, the above statistics indicate that AD does not only affect morbidity or mortality, but AD
is also affecting the socio-economic and healthcare burden in the USA. There have been numerous
studies elucidating the pathogenesis, molecular and clinical mechanisms, the association of diabetes
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and metabolic syndromes, and consequences in a broader range. Yet no single or combined treatment
has shown to have satisfactory levels of efficiency to delay or prevent AD pathogenesis.

In this review, we will focus on a much narrower context of AD pathogenesis considering
inflammation as the central mechanistic link among obesity, diabetes, and AD-related dementia.
In obesity, the elevated circulating free fatty acids (FFA) attributes to inflammation, initiated by
Toll-like receptors (TLR-4) and release of pro-inflammatory cytokines, which is also associated with
insulin resistance and diabetes [6,7] via nuclear factor-kappa B (NF-kB) mediated inflammation
that might mediate the intracellular signaling impairments [8]. In the brain, pro-inflammatory
cytokines activated by microglia can induce oxidative stress and compromised antioxidant defense [9].
Collectively, they contribute to impaired insulin signaling, synapses loss, reduced mitochondrial axonal
transport [10], mitochondrial fragmentation, dynamics, and eventual dysfunction [11]. Mitochondrial
dysfunction has been considered as an early event for AD pathogenesis and is also associated with a
metabolic syndrome including obesity, diabetes, insulin resistance, and cardiovascular diseases [8].
Thus, it is possible that mitochondrial dysfunction has an evident role in the initiation and development
of the metabolic disorder, and it is worthy to investigate to what extent inflammation and mitochondrial
health affect the progression of AD.

2. Pathogenesis of AD

The characteristic features of AD involve two major fundamental processes: extracellular beta
amyloid (Aβ) deposition and intracellular tau protein hyper accumulation. Aβ is insoluble and
is a major component for senile plaques. Insoluble tau is the major component of neurofibrillary
tangles (NFT) [12]. Aβ is a 36 to 43 amino acid peptide, which is a part of the large transmembrane
protein, Amyloid Precursor Protein (APP), and derived from cleavage of APP by β- and γ–secretase
enzymes. Defective clearance of Aβ during the cleaving process of APP results in the accumulation of
insoluble Aβ [13]. Initially, the Aβmonomer polymerizes into soluble oligomers and then into larger
insoluble fragments like Aβ42 that can precipitate as amyloid fibrils [14]. On the other hand, tau is a
protein associated with the microtubule and helps in modulating the axonal microtubule stability [15].
In an AD patient’s brain, the tau protein gets hyper-phosphorylated and causes the protein to lose
microtubule-binding ability and dissociate from the microtubules, which can progressively disrupt
the transport structure and result in starvation of neurons and, ultimately, neuronal cell death [16].
Deposition of neuronal bodies and processing of insoluble phosphorylated tau protein into paired
helical filaments can cause neurofibrillary degeneration. These deposits interfere with the spacing
between microtubules and hinder the axonal terminals and dendrite nutrient transport [17].

3. Obesity, Diabetes, and AD

Obesity is a chronic and multifactorial disease characterized by excessive body fat accumulation.
It is considered a risk factor for many diseases and disorders including hypertension, type 2 diabetes
mellitus, coronary heart disease, and AD [18]. Adipose tissue possesses endocrine function secreting
adipokines, inflammatory cytokines, and other bioactive mediators that influence energy homeostasis
in metabolically active organs like adipose tissue, liver, pancreas, and even brain [19]. During a positive
energy balance, adipocyte size and proliferation increases result in the expansion of adipose tissue to
accommodate the excess energy, which leads to an increase in adipose tissue mass. This is followed
by adipose tissue dysfunction promoting chronic low-grade inflammation [20], elevated oxidative
stress [21,22], and altered mitochondrial dysfunction [23–25]. Although how obesity contributes to
the mitochondrial dysfunction is still not clear, it is postulated that the induced inflammation and
metabolic alteration implicated by impaired insulin function could be a possible factor [26,27].

Altered glucose homeostasis due to hyperinsulinemia and insulin resistance in diabetes is also
one of the most prominent features of obesity. Obesity and a high fat diet (HFD) can induce insulin
resistance, which, subsequently, impairs insulin signaling in the periphery as well as in the brain [28].
It is well-established that insulin has a significant role in the central nervous system (CNS) [29–33].
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In the brain, insulin along with insulin growth factors (IGF) modulate neuronal growth, differentiation,
survival, migration, metabolism, protein synthesis, gene expression, synapse formation, and synaptic
plasticity [34]. Moreover, insulin regulates myelin production and oligodendrocyte maintenance [34].
Defective insulin signaling is also associated with impaired cognition and AD-related dementia [35].
Severely decreased phosphorylation of insulin receptors has been found in patient brains from both AD
and diabetes [36]. The disturbance in insulin signaling could contribute to making the CNS environment
more vulnerable to metabolic stress and, therefore, accelerate the neuronal dysfunction [37]. Diabetes is
associated with islet amyloid polypeptide (IAPP) accumulation in the pancreatic islets. The IAPP is
concurrently secreted with insulin from the pancreas. In diabetic and AD patients, the IAPP is found
to be misfolded and elevated [38], accompanied by elevated Aβ accumulation, hyper-phosphorylated
tau, and impaired fasting glucose as comorbidities [39].

Substantial evidence indicates that patients with obesity and diabetes are more susceptible
to develop AD-related cognitive degeneration. Several longitudinal [40,41] and epidemiological
studies [42–45] have established a significant association between midlife large waist-hip ratios
to AD-related dementia and decreased hippocampal volume in later life. Moreover, the common
pathways of neurodegeneration in the AD brain resemble similar pathologies observed in the brains of
individuals with diabetes. Obesity, AD, and diabetes concomitantly share common features like brain
atrophy, reduced cerebral glucose, and CNS insulin resistance [46].

4. Obesity, Diabetes, and Subsequent Systemic and Neuro-Inflammation

Obesity, diabetes, and AD attributes to a common shared chronic inflammatory process.
Both epidemiological and observational studies suggested that neuro-inflammation is an early-stage
marker of AD pathogenesis [47]. A higher plasma and CNS levels of inflammatory markers known as
Interleukin-6 (IL-6), Interleukin 1β (IL-1β), transforming growth factor-β (TGF-β), and tumor necrosis
factor-α (TNF-α) has been reported in AD patients, which indicates the potential role of inflammatory
markers in AD pathogenesis [48]. Insulin resistance and inflammation have a bidirectional relation
with AD. In the chronic peripheral inflammatory process in obesity and diabetes, the production of
inflammatory cytokines can lead to serine phosphorylation of insulin receptor substrate-1 (IRS-1),
which can inhibit the downstream signaling pathways like kappa B kinase (IKK), c-Jun N-terminal
kinase (JNK), and extracellular signal regulated kinase 2 (ERK2). These can block the intracellular
insulin signaling by downregulating the insulin receptor-mediated signaling [49]. Additionally,
the systemic inflammation can damage and cross the blood-brain barrier (BBB) and enter into the
brain, which might trigger the brain-specific inflammatory response [50]. These circulating cytokines
can increase the apoptosis (cell death) rate, reduce synaptic function, and inhibit the neurogenesis
and, thus, causing neuronal death [51]. Moreover, systemic inflammatory processes, e.g., IL-6, TNF-α,
and C-reactive proteins (CRP), inhibit the transfer of Aβ from the CNS to the periphery [52]. Thus,
Aβ oligomers accumulation can activate brain microglia that secrete the pro-inflammatory cytokines
(IL-1β, IL-6, TNF-α), which can phosphorylate insulin receptor substrate (IRS) in multiple sites by
activating the IRS-1 serine kinase upon binding with the respective receptors and alter brain insulin
signaling [53]. Although the precise mechanisms are yet to be understood, the putative mechanisms
for systemic and neuro-inflammation caused by obesity and diabetes are as follows.

4.1. Systemic Inflammation and AD

The circulating pro-inflammatory molecules either increase the permeability of the BBB or gain
access via the area that lacks effective BBB to initiate neuro-inflammation in the hypothalamus [54,55].
The mechanism of BBB disruption is multifaceted and includes changes in the structural components
like pericyte dysfunction, tight junction, and elevated endothelial oxidative stress [56]. HFD can elevate
the expression and activation of pro-inflammatory cytokines and corresponding transcription factors,
such as NF-kB, in the hypothalamus [57]. This pro-inflammatory action (a) will increase the microglial
(brain’s residing macrophage) infiltration and activation in the hypothalamus resulting in the local
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inflammatory mediators such as cytokines [57,58]. In addition, the elevated free fatty acids (FFA)
enters the arcuate nucleus and increases TLR-4, a molecular pattern recognition receptor, on microglia
and astrocytes and initiates the inflammatory response centrally [59]. (b) The circulating cytokines
have limited spread and activate the hypothalamic cytokine receptors. This action can augment
the brain inflammation [28]. (c) The direct entry of cytokines, chemokines, and FFA in systemic
circulation can also propagate neuro-inflammation by initiating pro-inflammatory cytokines and
prostaglandin production [60]. Collectively, this pro-inflammatory milieu can disrupt the hypothalamic
function by inducing synaptic remodeling, neuronal cell apoptosis, and disturbed neurogenesis [61].
The hypothalamus has a potential role in cognitive function related to feeding, metabolism, stress
regulation, and cardiovascular function along with cognition, attention, and memory function [62].
The remodeling of the hypothalamic circuit leads to dysregulation in the hypothalamic-pituitary-adrenal
(HPA) axis resulting in increased production of glucocorticoids, which are related to impaired cognition
and memory including depression, Cushing’s syndrome, and AD [63]. Moreover, the chronic HPA axis
activation and elevated glucocorticoid level is also associated with dendritic atrophy, hippocampal
volume reduction, and reduced synaptic plasticity [64]. One of the characteristic features of AD is
the hippocampus and cerebral cortex atrophy [65]. All these possible events collectively can lead to
neurodegeneration and eventually AD.

4.2. Neuro-Inflammation in AD

The brain was thought to be unaffected by systemic inflammation and, thus, regarded as an
“immune-privileged” organ not susceptible to inflammation for many years. However, this notion
changed after extensive neuro-immune research that explored the central nervous system interaction
with the peripheral system through hormonal and paracrine action [66]. In the case of the AD
brain, Aβ deposition triggered by systemic inflammation initiates a series of immune-responses
intended to reduce the Aβ plaques and the aggregates by activating the innate immunity to elicit
the inflammatory response from microglia and astrocytes [67,68]. These pathological adaptations
incite the release of pro-inflammatory cytokines including IL-6, IL-1β, or TNF-α along with other
pro-inflammatory molecules including macrophage inflammatory proteins, monocyte chemoattractant
proteins, coagulating factors, reactive oxygen species (ROS), nitric oxide, proteases, protease inhibitors,
prostaglandins, thromboxanes, leukotrienes, and CRP from glial cells [52,69–71]. The aggravated
environment induces additional phosphorylation of tau, accumulation of Aβ, and pro-inflammatory
molecules [52], which, consequently, release reactive substances like nitric oxide, proteolytic enzymes,
excitatory amino acids, and complementary factors, and damage the adjacent healthy neurons [72].
Therefore, the well-intended initial response to assist Aβ clearance, in turn, also secretes mediators
that cause damage and leads to neurodegeneration [73]. An elevated level of IL-1β was found in
serum, cerebrospinal fluids, and in the brain region [74,75], particularly astrocytes of the cortex and
hippocampus [76] of patients with AD. The IL-1β secreted from astrocytes increases the neurotoxic Aβ
and APP production [76,77]. The IL-1β also activates microglia to induce pro-inflammatory cytokine
release that can lead to neurotoxicity [78]. Additionally, oxidative damage and alteration in tau
phosphorylation in neurons, along with chronic low-grade inflammatory states, collectively lead to
compromised brain integrity [79].

4.3. RAGE-Mediated Inflammation in AD

Dyslipidemia and chronic hyperglycemia caused by disturbance of insulin signaling in obesity can
lead to glucolipotoxicity, which can play a pivotal role in AD. Hyperglycemia also generates advanced
glycation end products (AGE), which is a senescent macro-protein derivative that can be identified in
both senile plaques and NFTs as a possible link between AD and diabetes. AGEs are the derivatives
of proteins, lipids, or nucleic acids modified by non-enzymatic glycosylation and tend to increase
the production and accumulation during aging, diabetes, or obesity [80,81]. Advanced glycation end
products (AGE) and its pattern recognition receptors (RAGE) induce a chronic, persistent inflammatory
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response that propagates vascular injuries [81–83]. RAGE is also a putative receptor for Aβ [84] and
is found to be expressed in neurons, microglia, and astrocytes [85,86]. Aβ is a ligand for RAGE that
interacts with the N-terminal domain. Neurons and microglia of the hippocampus and inferior frontal
cortex area of the AD brain have reported expressing an elevated level of RAGE [85,87].

The Aβ-RAGE interaction in the neuronal cells leads to an ROS mediated cellular response and
activation of NF-kB that induce elevated inflammatory milieu [87]. RAGE dependent Aβ-induced
migration has been shown in both in-vitro Aβ plaque models and postmortem human microglia cell
culture experiments [85]. It was reported that Aβ-RAGE dependent microglial activation elevates the
RAGE and microglial colony-stimulating factors (M-CSF), while inhibition of RAGE using anti-RAGE
F(ab′)2 inhibits the microglial chemotactic response against Aβ42 [85]. Moreover, increased production
of IL-1β or TNF-α, enhanced microglial infiltration in Aβ plaques, reduced acetylcholine esterase
activity, and impaired spatial and learning memory observed in double transgenic mouse models
when compared to APP or RAGE mouse models [88]. Elevated levels of AGE in the brain and plasma
are associated with the cognitive dysfunction in AD patients [89,90]. AGE, along with increasing Aβ
cytotoxicity, supports fibrillary tangles and Aβ plaque formation, which contributes to the pathogenesis
of AD [91].

5. Inflammation Mediated Impaired Mitochondrial Health in AD

Mitochondria, which is the powerhouse of cells that provides energy by utilizing ATP, is also
responsible for cellular processes including energy metabolism, ROS generation, calcium ion (Ca2+)
homeostasis, cell survival, and apoptosis [92]. Mitochondria maintain the normal functioning through
regulated quality control even in the presence of persistent insults. However, any failure of quality
control results in mechanical defects and damages that cause mitochondrial dysfunction [93]. It can
lead to metabolic disorders. The major metabolic organs like liver, muscle, and adipose tissue are
the active contributors in this process. During obesity and diabetes, excess lipid accumulation and
hyperglycemia induced insulin resistance can lead to abnormal mitochondrial function via altering the
ATP synthesis activity of mitochondria, beta-oxidation, and elevated oxidative stress [94]. Adipocyte
differentiation drastically increases the activity and biogenesis of mitochondria, pointing towards a
link between mitochondria and obesity. Mitochondrial dysfunction is correlated with a reduced size
and number of mitochondria [95], oxidative capacity [96], reduced oxygen consumption, and oxidative
phosphorylation related gene expression [97], which have been observed in individuals with obesity [90].
In mature adipocytes, mitochondrial dysfunction has been linked to fatty acid oxidation [98], adipokine
secretion [99], and impaired glucose homeostasis [100]. Additionally, in obese mice, the expression of
mitochondrial DNA (mtDNA), mtDNA transcription factor A (Tfam), and respiratory proteins are
also significantly reduced [92]. HFD increases the production of ROS and oxidative stress in mouse
adipocytes [101]. HFD consumption or excess calorie intake results in an excess mitochondrial load
that hinders the effective dissipation of the proton gradient, which increases ROS generation, mtDNA
mutation, and apoptosis [102].

There are several ways obesity and diabetes-induced inflammation affects mitochondrial functioning.

5.1. Inflammation and Energy Metabolism

Neuronal glucose metabolism consists of mechanisms that regulate uptake of glucose, insulin,
and insulin signaling pathways, glucose transporters (GLUTs), and entry of glycolytic end-products
into mitochondria that eventually metabolize and generate ATP via oxidative phosphorylation [103].
Mitochondria participates and modulates several metabolic signaling pathways including cytosolic
signaling, redox-sensitive signaling, JNK, and 5′ AMP-activated protein kinase (AMPK) signaling [104].
These signaling pathways along with the associated metabolites, transporters, receptors, and enzymes
ensure proper neuronal energy metabolism. Mitochondria-centered altered glucose metabolism
manifested by impaired insulin signaling, altered receptors activity, and reduced glucose uptake is one
of the key features of AD [104]. Mitochondria regulate the tricarboxylic acid (TCA) cycle, which is the
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principal regulator of cellular respiration. The TCA cycle generates adenosine triphosphate (ATP) via a
series of enzyme-catalyzed chemical reactions and any malfunction in the enzymes involved in this
cycle leads to impaired cellular respiration and ATP production [104].

Inflammatory processes mediated by infiltrated immune cells from the periphery and activated
microglia initiate an intracellular signaling cascade that modifies the mitochondrial energy
metabolism [105]. The activated microglia and astrocytes release pro-inflammatory cytokines,
particularly TNF-α, and induce oxidative phosphorylation impairment, ATP production, and ROS
production [105]. In one study, loss of mitochondrial transmembrane potential and reduction in
intracellular ATP upon treatment with IL-1β in the retinal neuronal cells has also been reported [106].
Moreover, IL-1β and TNF-α are reported in decreasing the pyruvate dehydrogenase (PDH) enzyme
activity in vivo [107], particularly in cardiomyocytes [108]. Reduced glucose oxidation in cultured
human dermal fibroblast [109] reduced skeletal muscle [110,111], hepatic PDH activity [107],
and complex I and II activity reported in the presence of inflammatory cytokines [105]. Impaired
PDH activity has been found in the postmortem AD brain along with increased IL-6, IL-1β, or TNF-α,
which suggests a compromised TCA cycle activity in the inflamed CNS of mild cognitive impairment
and AD patients [105]. A significant reduction of neuronal complex I and III along with several
other nuclear-encoded subunits of the Electron Transport Chain (ETC) has also been reported [112].
A reduction of ATP production and basal respiration upon TNF-α exposure has been shown in a
dose-dependent manner in the mouse hippocampal cell line and primary neuronal cell culture [113].
TNF-α administration also reduces the peroxisome proliferator-activated receptor (PPAR)-γ co-activator
1α (PGC-1α) in myoblasts [114] and human cardiomyocytes [115] even though the effect of TNF-α
on neuronal cells of various neurodegenerative diseases has not yet been reported. PGC-1α plays an
important role in many cellular and metabolic processes including energy metabolism, cardiovascular
diseases, and neurodegenerative diseases [116].

It has been reported that, in the AD brain, the levels of mitochondrial enzymes including PDH,
cytochrome oxidase (COX), and α-ketoglutarate dehydrogenase complex are all decreased [117].
Proteomics studies on AD brains reveal that enzymes involved in metabolic pathways of the Kreb’s
cycle and glycolysis including malate dehydrogenase, glyceraldehyde 3-phosphate dehydrogenase
(GAPDH), fructose-bis-phosphate-enolase, alpha-enolase (ENO1), and ATP synthase are oxidized [46].
The oxidation of these enzymes is related to dysfunctional cerebral glucose metabolism and reduction
in ATP synthesis, which leads to loss of synaptic function [118]. These oxidative changes can lead
to inflammation and eventually compromise metabolic function. The exact mechanism of how
neuro-inflammation affects the metabolic function of mitochondria is yet to be understood. However,
cellular and biochemical studies revealed that APP, Aβ, tau, and presenilin are associated with impaired
mitochondrial energy metabolism [119,120]. It has been proposed that Aβ interacts with mitochondrial
proteins disrupting ETC, increases ROS production, and free superoxide radicals that preclude the
cellular ATP generation [121]. It has also been proposed that the hyper-phosphorylated tau and Aβ
aggregates can block mitochondria and other cell organelles from nerve terminals, synapsis, and other
brain regions with high ATP demands [122], which might lead to starvation of dendritic spines and
synapsis due to severe mitochondrial ATP depletion [123].

5.2. Inflammation and Altered Mitochondrial Dynamics

Mitochondria are organelles that exist in dynamic networks, migrate throughout the cell,
continuously fuse, divide, and undergo regulated turnover as the metabolic environment demands [124].
Mitochondrial dynamics can change the size and shape and adapt to the challenges [125]. Mitochondrial
fission and fusion are two distinct processes that mediate the mitochondrial dynamic morphology and
integrity [126]. In healthy neurons, mitochondria need to maintain the fusion and fission mechanism
in a balanced way for the normal functioning of the synapses [125]. The enzymes involved in the
fusion process are mitofusion 1 (Mfn1), mitofusion 2 (Mfn2), and optic atrophy protein 1 (OPA1).
The proteins involved in the fission process are dynamin-related protein-1 (Drp1) and fission 1 (Fis1).
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Mitochondrial biogenesis is the cellular process of producing new mitochondria and increasing the
mitochondrial mass [127]. The regulation of biogenesis is modulated by nuclear factors including a set
of nuclear transcription factors 1 and 2 (NRF 1 and NRF2), which control the cytochrome c and COX
gene expression [128]. Any dysregulation in the mitochondrial dynamics and biogenesis might lead to
excessive mitochondrial fragmentation and altered mitochondrial function resulting in mitochondrial
dysfunction and eventually contribute to AD progression [129,130].

In astrocytes, impaired respiration rate and increased mitochondrial fragmentation (Drp1) have
been reported upon IL-1β exposure [131]. In 3T3L1 adipocytes, TNF-α treatment alters mitochondrial
morphology [132], along with smaller condensed mitochondria attributed by an increased level of Fis1
and decreased level of mitochondrial OPA1 [133,134]. In another in-vivo study, IL-6 downregulated
Mfn1/Mfn2 and Fis1, which suggests neurotoxic effects of IL-6 [135]. In HFD mice, a decreased level of
mitochondrial fusion genes (OPA1, Mfn1) and elevated expression of fission genes (Fis1, Drp1) along
with increased pro-inflammatory cytokines has been reported [136]. Perturbation in mitochondrial
function and release of mitochondrial contents in extracellular milieu activates the innate immune
system, which can exacerbate the inflammatory response and alter the mitochondrial function.
The production of ROS can provoke inflammation, and further mitochondrial dysfunction can lead
to the production of pro-inflammatory IL-1β [137]. These studies suggested that inflammation and
mitochondrial dysfunction operate in a synergic autotoxic feedback loop.

5.3. Inflammation and Mitochondrial Oxidative Stress

As a major source of ROS, mitochondria regulate the oxidative stress process [138]. Oxidative stress
results from the imbalance between ROS production and detoxification in biological systems.
ROS production is an important physiological by-product of the ETC. In the respiratory chain,
while transferring the electron to molecular oxygen, about 0.4% to 5% of electrons lose their way
and generate superoxide radicals (O2•−), which, in turn, activates the mitochondrial permeability
transition pore and results in apoptosis [139]. The brain is a highly susceptible organ to oxidative
stress when compared to other organs due to the high demand for energy and oxygen, high levels
of peroxidizable polyunsaturated fatty acids, the relative paucity of antioxidants, and anti-oxidant
defense mechanisms and relative abundance of potent ROS catalyst iron [140]. During obesity
and HFD consumption, adipose tissue propagates the inflammation and secretes pro-inflammatory
cytokines including TNF-α, IL-6, and IL-1β, which also induce ROS production [141]. The activation
of these cytokines promotes nitric oxide and ROS generation by macrophages and monocytes. HFD
consumption propagates the lipid peroxidation in the brain by elevated levels of ROS via a similar
mechanism that has been found in the non-neuronal tissue [142]. In mice, upon HFD consumption,
elevated expression of ERK, and inducible nitric oxide synthase (i-NOS) are associated with oxidative
stress [143,144]. The occurrence of oxidative stress has been shown as one of the early events in
AD development and plays a major role in the pathogenesis of AD [118,145,146], whereas oxidative
damage has been estimated to occur before other prognoses including the onset of Aβ aggregates,
tau pathologies, or inflammation in the AD brain [147,148]. The activation of these cytokines promotes
nitrogen and ROS generation by macrophages and monocytes. It has also been shown that oxidative
stress is related to the hippocampal dysfunction in obese mice [146,149]. In the AD brain, excessive
levels of ROS production indicated by the presence of an increased level of oxidative stress markers
including oxidized lipid, protein, and DNA has been noticed [118,146].

Aβ generates hydrogen peroxide (H2O2) by reducing metal ions and increasing the free radical
production by zinc, iron, and copper, which is highly concentrated in the core and periphery
of Aβ deposits [150]. Aβ plaques can lead to a cytosolic calcium ions overload by depleting
Ca2+ storage in the endoplasmic reticulum (ER). Increased Ca2+ leads to decreased endogenous
glutathione (GSH) levels and increased accumulation of ROS inside the cell [151]. ROS potentially
can mediate the JNK/stress-activated protein kinase pathways that can be associated with tau
hyper-phosphorylation [152]. Aβ can also initiate free radical formation upon Nicotinamide adenine
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dinucleotide phosphate hydrogen (NADPH) oxidase activation, which leads to over-accumulation of
ROS. The Aβ-induced ROS can initiate tau hyper-phosphorylation and modify cellular signaling via
p38 mitogen-activated protein kinase (MAPK) activation [153]. Aβ can generate free radicals when
interacting with metal ions. Cu2+/Zn2+-bound Aβ has been found to possess a similar structure to the
antioxidant superoxide dismutase (SOD) [154].

Figure 1 provides an overview of how obesity and diabetes associated with elevated free fatty acids
and impaired endocrine function leads to insulin resistance and systemic inflammation. This systemic
inflammation triggers neuro-inflammation, which eventually hinders the metabolic and regulatory
function of the brain mitochondria and leads to neuronal damage.

 

Figure 1. Overview of the diverse mechanism involved in obesity and diabetes-induced systemic
and neuro-inflammation in mitochondrial and brain health. Skeletal muscle, adipose tissue, and liver
are involved in glucose and lipid metabolism and play a vital role in developing adipose tissue
dysfunction and insulin resistance during the obese condition. In obesity and diabetes, elevated free
fatty acid, increased secretion of pro-inflammatory cytokines and macrophage infiltration, AGE and
RAGE generation, and ER stress induce systemic inflammation. Systemic inflammation progressively
initiates microglial activation, endothelial damage, and BBB disruption, which eventually leads
to neuro-inflammation. These unfavorable inflammatory events alter the mitochondrial energy
metabolism, mitochondrial dynamics, and biogenesis to escalate the mitochondrial oxidative stress
collectively and trigger the mitochondrial assault. This gradually results in synapsis loss and neuronal
death. FFA—Free Fatty Acid. ER—Endoplasmic Reticulum. AGE—Advanced Glycation End Products.
RAGE—pattern recognition receptors of AGE. BBB—Blood-Brain Barrier.

Collectively, it has been proposed that the development of AD in the brain is the consequence
of increased oxidative stress derived from several mechanisms: (a) elevated lipid peroxidation,
(b) increased protein and DNA oxidation, (c) reduced energy metabolism and activity of COX,
(d) ability of Aβ to generate free radicals in the form of increased accumulation of some metal ions
like mercury, iron, and aluminum, which can stimulate free radical formation by the Fenton and
Haber-Weiss pathway, and increased advanced glycation end products, SOD-1, and malonaldehyde in
NFT and senile plaques [155].
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5.4. Inflammation and Cognitive Impairment

The association between inflammation and cognitive decline has been reported in several
cross-sectional studies [156–158]. However, the data were limited by the number of subjects [156–158],
lack of adequate follow-up duration [156], or enough inflammatory markers [156] or subjects who
were more than 80 years old. Elevated IL-6 in midlife is associated with cognitive decline whereas
increased CRP levels did not predict the concurrent cognitive decline [159]. One neuroimaging study
found that IL-6 is consistently associated with cognitive decline. In a follow-up study, increased
circulating IL-6 level was found to be associated with accelerated cognitive decline after a 10-year
follow up [160]. In another study, IL-6 was found strongly associated with the higher volume of
white matter hyper-intensities, decreased gray matter, and reduced hippocampal volume whereas,
in the case of CRP, the association was weaker than IL-6. This suggests that an inflammatory process
could be associated with alteration of the brain [161]. Animal studies indicate declined cognition
associated with elevated inflammation and Aβ deposition [162]. However, some studies found a minor
association between cognition and inflammation [156–158,163]. In the Rotterdam Study, elevated levels
of pro-inflammatory cytokines including IL-6 and CRP were found to be associated with cognitive
decline and executive function. In the Leiden 85-plus study, a systematic level of IL-6 was found to
be associated with declined cognition and memory function after adjustment for Apolipoprotein E
ε4 (APOE ε4) carriers [164]. On the other hand, the Amsterdam Longitudinal Aging Study did not
find any association between inflammation and cognitive decline after adjusting for APOE ε4 [157].
Furthermore, cerebral small vessel disease (SVD) refers to intracranial vascular disease associated with
clinical manifestation and neuroimaging features caused by any changes in the morphology of cerebral
vessels, which are crucial for adequate cerebral blood flow and brain parenchyma [165]. SVD causes
decreased cerebral blood flow, increased BBB permeability, impaired cerebral autoregulation, brain
functionality loss, and cognitive decline in the elderly [165]. SVD has often detected the parenchymal
alteration based on four different features in magnetic resonance imaging (MRI), which include white
matter hyperintensities, lacunes, cerebral microbleeds, and enlarged perivascular spaces [166–168].
A detailed systematic review suggested a robust association of inflammation with SVD represented
by the presence of increased vascular inflammatory markers, especially among patients with stroke,
which indicates an alteration in the endothelium and BBB [169]. Mounting evidence also indicates the
potential role of inflammation and cerebral SVD in neurodegeneration and related disorders in recent
years [168,170].

6. Conclusions and Future Direction

In this review, we discussed how obesity and diabetes can lead to systemic and neuro-inflammation,
and whether inflammation affects the overall mitochondrial functioning, dynamics, oxidative stress,
and cognitive decline in patients with AD. After cautiously considering the facts, we can suggest
(but not conclude) that obesity or diabetes-induced inflammation is associated with impaired
mitochondrial health. However, the question remains regarding to what extent the systemic or
neuro-inflammation directly affect the brain mitochondrial health and subsequent AD pathogenesis.
The association between inflammation and cognitive decline could be the consequence of underlying
disease conditions triggered by diabetes, obesity, or cardiovascular disease and their consequent
comorbidities. If the answer to this question can be addressed, it would be easier to decide whether
targeting anti-inflammatory agents alone will be an effective and valid approach to combat AD. It seems
even an anti-inflammatory approach is not the central focus for fighting AD but will support the
mainstream treatment options including inhibiting Aβ production and tau hyper-phosphorylation.
If the anti-inflammatory approach effectively improves the systemic neuro-inflammation, which is
one of the events in AD that happens before memory loss, it is possible to improve the progressive
Aβ deposition and tau hyper-phosphorylation. However, it is impossible to differentiate the effects
of inflammation from other pathologies that occur concomitantly. One of the known modulators
for the immune system is diet [171]. Diet high in sugar and saturated fat (SFA) is associated with
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cognitive impairment especially in learning and memory function both in humans and animal
models, independent of obesity or associated metabolic changes [172–175]. High consumption of
sugar and SFA results in substantial memory deficits in animals and humans, however, the impact
of relative consumption remains unclear due to variability between human consumption and the
controlled diet feeding in animal studies [176–178]. The ketogenic diet could be one way to counteract
the inflammation and improve mitochondrial biogenesis [179]. The ketogenic diet was tested on
subjects with a mild cognitive impairment syndrome and found to be associated with reduced
inflammation, enhanced energy metabolism, and potentially improved neurocognitive function [180].
Dietary administration of a medium-chain triglyceride supplement was found to improve cognitive
performance [181,182]. The ketogenic diet has been reported to be helpful in reducing the frequency of
epilepsy in children [183]. Similar findings have been reported in animal studies where mice fed a
ketogenic diet improved neuro-inflammation represented by reduced brain mRNA levels of TNFα, IL-6,
and IL-1β and increased the PGC1β mRNA levels indicating ketone bodies related changes [184,185].
Moreover, the Mediterranean diet (MD) has been used as a potential dietary intervention to combat
AD-related dementia due to its anti-inflammatory potential [186,187]. Numerous neuroimaging studies
reported that the MD has protective effects on the neuronal structure and AD-related morphological
changes [188–192].

Notably, several epidemiological studies effectively demonstrate the protective effects of NSAIDs
in combating AD via its anti-inflammatory actions along with Aβ lowering properties whereas clinical
studies did not support such an improvement [193–197]. More research is needed to conclude if obesity
and diabetes associated with chronic inflammation and induced mitochondrial dysfunction can be
identified as a biomarker that affects AD pathogenesis and whether the anti-inflammatory approach is
a suitable therapeutic option to combat AD.
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Abstract: Nowadays, the amyloid cascade hypothesis is the dominant model to explain Alzheimer’s
disease (AD) pathogenesis. By this hypothesis, the inherited genetic form of AD is discriminated
from the sporadic form of AD (SAD) that accounts for 85–90% of total patients. The cause of SAD is
still unclear, but several studies have shed light on the involvement of environmental factors and
multiple susceptibility genes, such as Apolipoprotein E and other genetic risk factors, which are key
mediators in different metabolic pathways (e.g., glucose metabolism, lipid metabolism, energetic
metabolism, and inflammation). Furthermore, growing clinical evidence in AD patients highlighted
the presence of affected systemic organs and blood similarly to the brain. Collectively, these findings
revise the canonical understating of AD pathogenesis and suggest that AD has metabolic disorder
features. This review will focus on AD as a metabolic disorder and highlight the contribution of this
novel understanding on the identification of new biomarkers for improving an early AD diagnosis.

Keywords: amyloid cascade hypothesis; glucose metabolism; adipose tissue dysfunction; energetic
metabolism; lysosomes dysfunction; Type-3-Diabetes; neuroinflammation; neurodegeneration

1. Alzheimer’s Disease: State of the Art

Alzheimer’s disease (AD) is the most widespread neurodegenerative disease and the commonest
cause of dementia. Data from The World Health Organization indicate that AD is the fifth cause of
death worldwide and predict a dramatic increase in AD incidence in the next years, reaching 152 million
people affected by 2050 [1]. This scenario is worsened by the absence of an effective therapy as well as
by the absence of an early diagnosis, as it is usually made after symptoms manifestations, when neural
impairment and brain injury damages are already severe [2–5]. One of the major obstacles for the early
diagnosis is related to the complexity of AD etiology and pathogenesis [2–6]. It is acknowledged that
the amyloid cascade hypothesis, the best model explaining AD development and progression, is not
sufficiently clearly described [2–6]. It is also accepted that pathological signs similar to those found in
the brain are present in the systemic organs and blood of AD patients [2–5,7].

In this review, we discuss the novel knowledge evidencing AD as a metabolic disorder. In particular,
we will describe the contribution to AD pathophysiology of dysfunction in (i) glucose metabolism,
(ii) adipose tissue, (iii) mitochondria, (iv) lysosomal compartment functionality, (v) metabolic syndrome,
and their correlation with neuroinflammation and neurodegeneration. The influence of these discoveries
in the identification of new biomarkers for AD diagnosis is also highlighted.

To be comprehensive, this work starts with the description of the amyloid cascade hypothesis
correlating consolidated and new findings.
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2. The Amyloid Cascade Hypothesis

The amyloid cascade hypothesis is based on the observation that at least 10–15% of AD patients
have an inherited genetic background, while most of the cases (85–90%) are sporadic [4,8].

2.1. Familial Form of Alzheimer’s Disease

The hereditary form of AD, also known as FAD (familial form of Alzheimer’s disease) usually has
an early-onset AD (EOAD), around 30 years of age. FAD is very rare and is caused by dominant inherited
mutations in three genes, Amyloid Precursor Protein (APP), Presenilin 1 (PSEN1), and Presenilin 2
(PSEN2), which are implicated in the same metabolic pathway [9,10] (Table 1). APP missense
mutations account for 10–15% of EOAD, while more than 272 different missense mutations were
found for PSEN1 gene that represent 18% to 50% of the autosomal dominant cases of familial EOAD.
PSEN2 gene mutations are the rarest cause of familial EOAD [10–12]. The APP gene encodes for
the β-amyloid precursor protein, while PSEN1 and PSEN2 encode respectively for presenilin 1 and
presenilin 2 subunits of the γ-secretase complex, which are involved in the cleavage of APP to generate
the β-amyloid peptide. The alteration of one of these three proteins may steer the physiological
non-amyloidogenic pathway to the pathogenic amyloidogenic pathway with consequent accumulation
of the amyloid peptide and formation of amyloid plaques, the main hallmark of AD [10–12].

Table 1. The dominant inherited Alzheimer’s disease (AD) genes Amyloid Precursor Protein (APP),
Presenilin 1 (PSEN1), and Presenilin 2 (PSEN2).

Gene Chr. Protein Length Protein Domains
N◦ of Mutations

Reference
Pathogenic Non Pathogenic Protective

APP 21q21.3 770 aa
Extracellular 10 15 1

Alzaforum
Database [13]Transmembrane 16 - -

Intracellular 1 - -

PSEN1 14q24.2 467 aa
Extracellular 16 1 1

Alzaforum
Database [13]9 Transmembrane 226 - -

Intracellular 30 - -

PSEN2 1q42.13 448 aa
Extracellular 4 - -

Alzaforum
Database [13]9 Transmembrane 7 5 -

Intracellular 3 5 -

2.2. Sporadic Form of Alzheimer’s Disease

The sporadic form of Alzheimer’s disease (SAD) has prevalently a late-onset AD (LOAD) on
average over 65 years of age [12,14]. SAD represents the majority of the cases of AD and has a more
complex pathogenesis than FAD as it may have different potential causes not yet fully understood.
During the past decade, clinical and experimental studies have identified many genetic and non-genetic
risk factors for SAD [14].

Among the genetic risk factors, the presence of mutations on the Apolipoprotein E (APOE) gene
correlates with a high probability of developing SAD [14,15]. The APOE gene has three variants, namely ε2,
ε3, and ε4 that have different roles in AD pathogenesis. While ε2 and ε3 variants are not involved in
AD onset, the ε4 variant is considered the single biggest risk factor for SAD [16]. It has been proposed
that APOE-ε4 (APOE4) mediates β-Amyloid (Aβ) aggregation and Tau hyperphosphorylation [3,17].
Moreover, the ApoE protein has immunomodulatory functions [18] by its binding with the microglia
Triggering Receptor Expressed on Myeloid Cells 2 (TREM2) receptor [19].

Genetic alteration causing Down Syndrome (DS) is another well-established risk factor for AD.
As the APP gene is located on chromosome 21, patients with DS that carry an extra copy of this
chromosome have a high probability, nearly 90% after 60 years of age, of developing Aβ deposit and
AD-related pathological changes [20].
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Additionally, more than 20 loci associated with SAD have been identified by Genome-Wide
Association Studies (GWAS) [21,22]. These genes are involved in different pathways such as glucose
metabolism, lipid metabolism, inflammatory pathways, endosomal vesicle recycling, regulation
of autophagy, phagocytosis, cholesterol efflux, axon guidance, and cytokine-mediated signaling
pathway [2,8,21,23–25] (Table 2).

Table 2. Genetic variant, max magnitude, chromosome position, and clinical characteristics of definite
AD cases carrying risk variants of principal sporadic form of Alzheimer’s disease (SAD)-associated
genes. ApoE: Apolipoprotein E.

Gene Variant Max Magnitude Chr. Position Clinical Features

TOMM40
rs10524523 3 44,899,792 Higher risk for late-onset Alzheimer’s disease
rs157582 2.1 44,892,962 Weaker memory performance

rs2075650 2 44,892,362 Possibly 2–4× higher Alzheimer’s risk

APOE
rs199768005 2.1 44,909,057 Marked reduced risk of Alzheimer’s disease
rs429358 3 44,908,684 >3× increased risk for Alzheimer’s
rs449647 2 44,905,307 Lower levels of ApoE

TREM2
rs104894002 6 41,161,557 Alzheimer’s, late-onset, possible/predicted
rs143332484 2 41,161,469 Moderate increase (1.7×) in risk for Alzheimer’s disease
rs75932628 3.5 41,161,514 Risk of Alzheimer’s disease

ABCA7

rs113809142 3 1,056,245 ≈2× higher risk for Alzheimer’s disease

rs115550680 2.5 1,050,421 Increased risk (≈2.2×) of Alzheimer’s, observed for
African-Americans

rs200538373 3 1,061,893 ≈3x higher risk for Alzheimer’s disease
rs72973581 2.5 1,043,104 Slightly lower risk (0.57×) for Alzheimer’s, according to one study
rs78117248 2 1,052,854 Risk factor for Alzheimer disease (odds ratio ≈2×)

CLU rs11136000 1.5 27,607,002 0.84× decreased risk for Alzheimer’s disease

CR1
rs6656401 1.5 207,518,704 1.18× increased risk for late-onset Alzheimer’s
rs3818361 1.2 207,611,623 1.2× increased risk for late-onset Alzheimer’s

CD33 rs3865444 1.6 51,224,706 Slight reduction in risk for Alzheimer’s disease

MS4A6A rs610932 1.5 60,171,834 An allele associated with reduced risk of Alzheimer’s in East
Asian populations

BIN1 rs6733839 NA 127,135,234 This SNP has a population attributable fraction for AD of 8.1
which is second only to APOE4’s of 27.3

PICALM rs3851179 1.5 86,157,598 0.85× decreased risk for Alzheimer’s disease

SORL1
rs10892759 1.01 121,593,379 Reduced risk for Alzheimer’s
rs1784931 1.01 121,612,229 Reduced risk for Alzheimer’s

PLD3 rs145999145 2 40,371,688 2× higher risk for Alzheimer’s disease

CTNNA3 rs2306402 2.1 67,175,727 1.2× increased risk for late-onset Alzheimer’s disease

DNMBP
rs3740057 NA 99,898,828 Increased risk for late-onset Alzheimer’s disease in both Japanese

and Belgian populations

rs10883421 NA 99,912,584 Increased risk for late-onset Alzheimer’s disease in both Japanese
and Belgian populations

BACE1
rs638405 2 117,293,108 2× increased Alzheimer’s risk in ApoE4 carriers

rs4938369 NA 117,317,404 1.6× increased risk for Alzheimer’s

GAB2 rs7101429 2 78,281,921 0.70× reduced risk for Alzheimer’s risk

ADAM10
rs145518263 4 58,665,141 Rare mutation increasing risk for late-onset Alzheimer’s disease
rs61751103 4 58,665,172 Rare mutation increasing risk for late-onset Alzheimer’s disease

ATP8B4 rs10519262 NA 50,140,297 1.9× risk for AD

ABCA2 rs908832 NA 137,018,032 3.8× increased risk for early-onset Alzheimer’s

OLR1 rs1050283 NA 10,159,690 Increased risk for Alzheimer’s

A2M rs669 NA 9,079,672 3.8× or higher increased risk for Alzheimer’s

OTC rs5963409 NA 38,351,716 1.19× increased risk for Alzheimer’s disease

Table 2 summarizes the main risk genetic variants correlated with AD. Only the entry with reported clinical
futures are selected from the SNPedia database [26]. The full gene name is reported in the Abbreviation list. SNP:
Single Nucleotide Polymorphism; NA: Not Assigned.

Among the non-genetic risk factors for AD, age, gender, comorbidities, and lifestyle are strictly
monitored [27–29]. Gender seems to deeply affect the incidence, clinical manifestation, development,
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and prognosis of the disease, resulting in a higher AD risk for females [30–32]. This observation is also
confirmed by epidemiologic studies showing that clinical symptoms and neurodegeneration occur
more rapidly in women after diagnosis, therefore suggesting that the faster disease progression could
be due to neurobiological vulnerability in postmenopausal females [31].

A critical risk is also represented by AD comorbidities such as cerebrovascular diseases (e.g., subcortical
leukoencephalopathy, ischemic and hemorrhagic strokes), cardiovascular risk factors (e.g., hypertension,
insulin resistance, hyperlipidemia, chronic inflammatory diseases, vitamin D deficiency, alcohol
consumption, and smoking) [4] and metabolic alterations (see Section 3). Hypertension may also
increase the risk of AD through the alteration of vascular integrity of the Blood–Brain Barrier (BBB),
resulting in protein extravasation into brain tissue causing cell damage, reduction in neuronal or synaptic
function, apoptosis, increase of Aβ accumulation, and cognitive impairment [33].

2.3. Molecular Mechanism of β-Amyloid Cleavage

As above mentioned, AD pathogenesis is mostly explained by the mechanisms causing the
accumulation of oligomeric β-amyloid-peptide-42 (Aβ42) or related peptides in the brain and their
consequent toxic effects on neurons and glia, culminating with programmed neuronal death [34,35].

This pathway, called ‘Amyloid Cascade Hypothesis’ is schematized in Figure 1 and is described below.

Figure 1. Molecular mechanism of APP cleavage. Cartoon shows the mechanistic events leading the
non-amyloidogenic and amyloidogenic process. Details of proteolytic steps are in the text. sAPPα, Soluble
Amyloid Precursor Protein α; P3, residues from 17 to 40/42 of the APP; AICD, APP Intracellular Domain;
C83, αAPP COOH-terminal fragment 83; APP, Amyloid Precursor Protein; C99, βAPP COOH-terminal
fragment 99.

The Aβ peptides are the result of incorrect cleavage of the integral membrane protein Type I APP.
In the physiological non-amyloidogenic pathway, Type I APP is first cleaved at the n-terminal domain
by the α-secretase, which triggers the release of Soluble Amyloid Precursor Protein (sAPP) α, which is
a large soluble fragment of ectodomain, while the C-terminal domain (the αAPP COOH-terminal
fragment (αAPP-CTF), C83) remains in the plasma membrane. Afterwards, the C83 fragment is cleaved
by the γ-secretase, generating the soluble non-aggregating and non-neurotoxic peptide P3 (residues
from 17 to 40/42 of the APP) that is released in the extracellular space and the APP Intracellular Domain
(AICD) fragment, which is released in the intracellular space (Figure 1).

The toxic amyloidogenic pathway occurs when the β-secretase Beta-site of beta-Amyloid precursor
protein Cleaving Enzyme (BACE) cleaves APP at the n-terminal domain, releasing the sAPPβ
ectodomain and the C-terminal fragments C99 and C100 residues called βAPP COOH-terminal
fragments (βAPP-CTFs). After the cleavage by γ-secretase, the Aβ-peptide is released. The γ-secretase
may act with two different cuts: the first, at the Valine40, generates the Aβ40 (the most abundant
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Aβ-peptide isoform), while the second generates the Aβ42 isoform, which accounts for 10% of the
total Aβ peptides [36–38] (Figure 1).

Aβ is thought to damage neurons directly by increasing the toxicity and promoting hypoglycemia
and oxidative stress [5]. Aβ can also act indirectly on neuronal loss by the activation of microglia,
leading to the release of toxic and inflammatory mediators such as nitric oxide and cytokines including
interleukin (IL)-1β, tumor necrosis factor α (TNFα), and interferon-γ [5,39]. It has also been shown
that Aβ oligomers can also induce Tau hyperphosphorylation and, in cultured neurons, neuritic
dystrophy [5,39].

The presence and the accumulation of Aβ peptides is necessary for the diagnosis of AD, but, as a
wide proportion of AD patients die without significant Aβ deposition, it is suggested that this event is
not sufficient to completely explain AD pathophysiology [38,40].

The Role of Tau Protein

A corollary of the amyloid cascade hypothesis is the accumulation of Tau Neurofibrillary Tangles
(NFTs) [41]. NFTs are intracellular clumps that are mainly composed of paired hyperphosphorylated
Tau protein leading to the generation of helical filaments commonly found in neurodegenerative
disorders known as “tauopathies” [41–43].

The Tau protein is encoded by the Microtubule-Associated Protein Tau gene located on
chromosome 17q21. In normal conditions, it binds microtubules to promote their assembly and
stability through a mechanism of phosphorylation and dephosphorylation [44,45] (Figure 2). In AD,
Tau hyperphosphorylation causes the loss of its microtubule binding capacity; it also induces the
formation of intracellular NFTs and the consequent microtubule depolymerization and defective
function [45] (Figure 2).

Figure 2. Molecular mechanism of Neurofibrillary Tangles formation. Cartoon shows the mechanistic
event leading to altered Tau hyperphosphorylation and the consequent Neurofibrillary Tangles
formation as described in the text. CAMKII, Calcium/Calmodulin-dependent Protein Kinase Type II;
Cdk5, Cyclin-dependent kinase 5; ERK, Extracellular signal-regulated kinase; GSK3β, Glycogen Synthase
Kinase 3 β; MAPK, Mitogen-Activated Protein Kinase; PKA, Protein Kinase A; PKB, Protein Kinase B;
PKC, Protein Kinase C; PP2A, Protein Phosphatase 2A; SRC, Proto-oncogene tyrosine-protein kinase Src.

After the first report describing and identifying Tau as a phosphoprotein (p-Tau), at least 85 known
sites of phosphorylation (mostly serine and threonine, but also tyrosine) are now classified [46,47].
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Tau kinases and phosphatase reciprocally balance their activity (Figure 2) [46,47]. For example,
Glycogen Synthase Kinase 3 β (GSK3β) activation represses Protein Phosphatase 2A (PP2A), while the
repression of PP2A leads to GSK3β activation [48]. Impairment of the Protein kinase B (Akt)/Mammalian
Target of Rapamycin (mTOR) pathway may alter the physiological phosphorylation balance between
GSK3β and PP2A, as Akt inhibits GSK3β, which in turn inhibits PP2A [45]. Interestingly, it was
proposed that the Aβ peptide promotes GSK3β activation, resulting in Tau phosphorylation [49].
Finally, other studies have shown that the acetylation of certain Tau residues (for example, Lys280)
can promote Tau autophosphorylation, exacerbate the aggregate formation, and ultimately lead to
tauopathy [50].

2.4. Biomarkers from Amyloid Cascade Hypothesis for AD Diagnosis

The Food and Drug Administration defines an ideal biomarker as specific, sensitive, predictive,
robust, simple, accurate, inexpensive, and measurable in peripheral, easily accessible districts [51,52].
In accordance with the amyloid cascade hypothesis, the National Institute on Aging and Alzheimer’s
Association has recognized three categories of biomarkers on the basis of the pathological mechanism
in which are involved: Aβ deposits, hyperphosphorylated Tau aggregates, and neurodegeneration [6].

Currently, among the various imaging methods (structural Magnetic Resonance Imaging
(MRI), functional MRI, amyloid-Positron Emission Tomography (PET) and 18F-fluorodeoxyglucose
(FDG)-PET), amyloid-PET is the most reliable diagnostic tool for AD diagnosis because of its ability to
highlight aggregated Aβ peptides within the brain by using amyloid tracers [53]. Similarly, recent new
ligands for Tau have been developed such as [18F] PI-2620 and [18F] MK-6240 [54–57]. Other innovative
imaging methods are being developed, including the detection of neuroinflammation process or
microglia activation through Translocator Protein-PET [58] and epigenetic modifications and synaptic
density/loss [59].

Among fluid biomarkers for AD, the gold standard is the Cerebrospinal Fluid (CSF), because it
directly interacts with the brain interstitial fluid and it could reflect pathological changes in AD [60,61].
The typical AD CSF composition is characterized by halved Aβ42-peptide concentration (due to its
accumulation in the brain) and an increase of p-Tau and total Tau [60–63]. In particular, total plasma
Aβ42/40-peptide levels were shown to be correlated with amyloid and Tau deposits on a PET
scan [64,65].

3. Insight into Alzheimer’s Disease as a Metabolic Disorder

As reported above, the current understanding documents the widespread dysfunctions of
peripheral organs and blood in AD patients and the contribution of some metabolic alterations to
the disease.

In the following paragraphs, we will discuss in detail the contribution of metabolic alterations
associated with AD pathogenesis and the consequent emerged new biomarkers suitable for AD early
diagnosis. The section includes (i) aberrant glucose metabolism, (ii) adipose tissue dysfunction, (iii) the
alteration of mitochondria, (iv) dysfunction of lysosomal compartment, and (v) metabolic syndrome,
and it describes how each of them may improve the identification of new markers for AD.

3.1. Glucose Metabolism and AD

Dysregulation of the glucose metabolism is a prominent feature in AD patients’ brains [66,67].
Glucose is an essential energy substrate for the maintenance of neuronal activity and is uptaken by
glucose transporters expressed in astrocytes, in neurons, and in the cerebral endothelium. A reduction
in glucose transporters in both neurons and endothelial cells of the BBB has been documented
during AD progression [66] (Figure 3). This includes the glucose transporter 1 (GLUT-1) in glia and
endothelial cells and glucose transporter 3 (GLUT-3) in neurons [68]. Experimental evidence showed
that GLUT-1 deficiency in endothelial cells in mouse models accelerates AD progression, promoting
neurodegeneration, Aβ deposition, and cognitive decline [69].
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Figure 3. Alteration of glucose metabolism and AD. Cartoon schematizes the main altered events
leading to the alteration of glucose homeostasis and reports the table with potentials AD biomarkers.
Details are in the text. The arrow direction (up ↑, down ↓) indicates the higher and lower expression
levels of the related biomarker in AD with respect to healthy controls (HC). Aβ, β-Amyloid;
GLUT-3, Glucose Transporter 3; IDE, Insulin Degrading Enzyme; MCI, Mild Cognitive Impairment;
NFTs, Tau Neurofibrillary Tangles.

In a recent study, Yan An and co-authors measured the levels of glucose, GLUT-3, and GLUT-1
in the autopsy brain of AD patients samples that were part of the Baltimore Longitudinal Study of
Aging [67,70]. They found a significant higher glucose concentration in the brain of AD patients that
correlated with the severity of the disease and symptoms’ onset. Interestingly, they also measured a
reduced cerebral glycolytic flux and lower levels of GLUT-3 in the same AD patients [67].

The correlation of altered glucose metabolism in the brain and AD is mostly confirmed by clinical
and experimental studies establishing that diabetes, due to insulin resistance, is one of the main risk
factors for the development of AD. It is estimated that 65% of diabetic patients have an increased risk
of developing AD [71–74].

The role of insulin in brain homeostasis has been investigated in physiology [75,76] and pathology,
including AD [77] and diabetes [78]. Insulin is a peptide hormone secreted by pancreatic beta
cells that has well-characterized functions in glucose/lipid metabolism and cell growth [79]. It can
cross the BBB from the periphery to the Central Nervous System (CNS) competing with the Aβ

peptide for the Insulin-Degrading Enzyme (IDE) in the human brain. In the hippocampus, it appears
to be involved in the regulation of GSK3β signaling and in the maintenance of neuroplasticity,
neurotrophic, and neuroendocrine functions [80]. Altogether, insulin and Insulin-like Growth Factor 1
(IGF1) resistance in AD results in a reduced catabolism of cerebral glucose and promotes oxidative
stress, mitochondrial dysfunction, pro-inflammatory cytokines activation, and impaired energy
metabolism [81–83] (Figure 3). Furthermore, cardiovascular disorders, oxidative stress, inflammation,
high level of cholesterol, and Aβ deposition are also common risk factors for AD and diabetes [73].

Collectively, these findings have driven the scientific community to define as ‘type 3 diabetes’
or “brain diabetes” the common molecular and cellular features of type 1 diabetes, type 2 diabetes,
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and insulin resistance associated with the development of the neurodegeneration [84–87]. In fact,
compared to type 2 and type 1 diabetes, together with insulin resistance or deficiency (canonical
hallmarks of diabetes), type 3 diabetes is also characterized by other relevant symptoms such as
cognitive decline, impairments in visuospatial function and psychomotor speed flexibility, and loss of
attention and memory. Of course, the amyloid aggregation and deposition are also present (see for
review [88]).

Potential Glucose Metabolism Biomarkers for AD Diagnosis

Even though today, the role of altered glucose metabolism in AD is well established, the use of
related biomarkers is still very moderate because it is difficult to restrict them to AD pathogenesis.
Nevertheless, reduced FDG-PET brain metabolism was recognized as a biomarker of neurodegeneration.
In fact, FDG-PET detects functions of glucose metabolism, recognizing areas of reduced brain activity
and neuronal injury [89,90]. The technique has excellent sensitivity and specificity in discriminating
AD from healthy controls [91].

In a recent meta-analysis of CSF marker, data highlighted an increased anaerobic glycolysis in
AD patients. In particular, it was observed a relevant increase in lactate and a decrease in pyruvate,
whereas the levels of glucose and glutamate in the CSF of AD patients were comparable to control
subjects [92] (Figure 3). Conversely, as mentioned above, the glucose level increased in the brain of AD
patients, while the glycolytic flux and GLUT-3 levels decreased.

3.2. Adipose Tissue Dysfunction and AD

Several studies have associated the excess of body weight with an increased risk of AD [82,93–95].
Therapies for reinstating metabolic homeostasis could improve cognitive functions in AD patients [96–98],
while a high-fat diet might exacerbate cognitive function in animal models of AD [99–101].

There is a number of potential mechanisms linking high adiposity to AD (Figure 4). For example,
the increase of free fatty acids, which is common in obesity, contributes to the onset of insulin
resistance [102]. In addition, adiposity is a risk factor for diabetes, hypertension, and cardiovascular
changes, all conditions contributing themselves to a significantly increased risk of AD [93,103].

The adipose tissue plays a central role in regulating the body energy and the homeostasis of
glucose, both at organs and systemic levels [104–108]. In particular, adipose white tissue stores
energy in the form of lipids and controls the mobilization and distribution of lipids in the body,
while adipose brown tissue maintains body temperature and acts as an endocrine organ, producing
numerous bioactive factors such as adipokines (e.g., Leptin, Adiponectin, Apelin, Resistin, Monocyte
Chemoattractant Protein-1 (MCP-1), IL-1β, IL-6, IL-10, TNFα, Transforming Growth Factor β (TGF-β))
and lipokines (such as Lysophosphatidic Acid, LPA), which control many metabolic pathways
including in the brain [104–106,109,110]. In particular, Leptin has pro-inflammatory activities, maintains
neurogenesis and synaptogenesis, and is involved both in neuroprotection and neuroinflammation.
Adiponectin controls the proliferation of hippocampal neural stem cells as well as the release of
somatotropins and gonadotropins, and it partakes in the neurodegeneration process. Resistin is
necessary for cognitive function performance and hypothalamic insulin resistance. LPA is critical
for brain development, neurogenesis, the proliferation and differentiation of neural progenitor cells,
and synaptic transmission. TNFα controls neurogenesis, neuroprotection, and the survival of neural
progenitor cells [111]. The role of adipokines/lipokines able to cross the BBB and enter in the CNS
is further confirmed by the fact that their misexpression might alter or disrupt directly/indirectly
brain’s homeostasis and functions [105,106,109]. As a matter of fact, alterations of the BBB structure
such as in inflammatory conditions cause an increased permeability to adipokines and LPA into the
CNS and an increase of oxidative stress and neurodegeneration [111]. Interestingly, adipokines can
also activate endothelial cell receptors, resulting in the modulation of tight junctions expression
and BBB permeability [111]. Finally, adipokine dysregulation and oxidative stress were also
involved in the remodeling of blood vessels and arterial stiffness in high-fat diet mice [112].
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Altogether, these findings suggest that in pathological conditions, adipokines promote Reactive
Oxygen Species (ROS) overproduction and inflammatory processes, which are involved in BBB
disruption and could potentially act on different brain regions such as the hippocampus (Figure 4).
This could explain why metabolic dysfunctions are associated with hippocampus atrophy and with an
increased risk of developing dementia and AD [113]. In this regard, systemic alterations have been
correlated to chronic inflammation caused by adiposity [114–116].

Figure 4. Adipose tissue dysfunction and AD. Cartoon schematizes the main altered events leading
to the alteration of adipose tissue homeostasis and reports the table with potentials AD biomarkers.
Details are in the text. The arrow direction (up ↑, down ↓) indicates the higher and lower expression
levels of the related biomarker in AD with respect to healthy controls (HC) or MCI (Mild Cognitive
Impairment). Aβ, β-Amyloid; FABP3, Fatty Acid-Binding Protein; GLUT-3, Glucose Transporter 3;
IDE, Insulin Degrading Enzyme; NFTs, Tau Neurofibrillary Tangles.

Potential Adipose Tissue Biomarkers for AD Diagnosis

Considering the important role that adipose tissue plays in AD pathogenesis, several studies were
carried out to monitor lipids and lipid metabolism-related molecules in the peripheral districts of AD
and Mild Cognitive Impairment (MCI) patients (Figure 4). For example, it has been observed a higher
CSF level of Fatty Acid-Binding Protein 3 (FABP3) compared to healthy subjects [117,118] (Figure 4).
Moreover, higher CSF levels of FABP3 and isoprostane were observed in MCI patients that evolved
toward AD [117–120]. Different types of lipids such as arachidonic acid, erucic acid, monoacylglycerol,
and diacylglycerol were shown to be higher in AD compared to MCI and healthy subjects, whereas
other lipids were found to be lower, including cerotic acid and linoleic acid [119–125] (Figure 4).

In the last years, several studies aimed to understand if alterations in adipokines expression could
be used as a biomarker for AD progression. Current data are contradictory, perhaps due to the intricate
interplay in which these biomolecules are involved [126–136]. Thus, the measurement of adiponectin
levels in CSF or plasma led to divergent results: reduced levels of adiponectin have been observed in
the serum [137] and CSF [138] of AD patients, while in other studies, plasma and CSF adiponectin were
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significantly higher in MCI and AD compared to controls [139]. Wennberg et al. found that serum
adiponectin is positively correlated to amyloid levels but inversely correlated to the hippocampal
volume in women with MCI [140].

3.3. Energetic Metabolism, Mitochondria Dysfunction, and AD

Over the years, age-related alterations of mitochondria functioning have been observed in different
neurodegenerative diseases such as AD [141–143]. An impairment of cellular bioenergetics has been
observed in AD patients [144,145], and mitochondrial dysfunction appears to be an early event in
AD pathogenesis [146,147] that is deeply correlated to the initiation of neuroinflammation [148].
Different observations have been made in an attempt to explain the mechanisms behind mitochondrial
dysfunctions observed in AD (Figure 5).

Figure 5. Energetic metabolism, mitochondria dysfunction, and AD. Cartoon schematizes the main
altered events leading to the alteration of energetic metabolism and mitochondria dysfunction in AD
described in the text and the table reports the potential AD biomarkers. The arrow direction (up ↑,
down ↓) indicates the higher and lower expression levels of the related biomarker in AD with respect
to healthy controls (HC). ABAD, Aβ Binding Alcohol Dehydrogenase; ADP, Adenosine Diphosphate;
AK2, Adenylate Kinase 2; ATP, Adenosine Triphosphate; Aβ, β-Amyloid; COX, Cytochrome C Oxidase;
CypD, Cyclophilin D; CYCS, Cytochrome C; DLD, Dihydrolipoyl dehydrogenase; GATM, Glycine
Amidinotransferase; Glucose-6-P, Glucose 6-Phosphate; GLUT-3, Glucose Transporter 3; HSPA9, Stress-70
protein; MCI, Mild Cognitive Impairment; mtDNA, mitochondrial DNA; NFTs, Tau Neurofibrillary Tangles;
OXPHOS: Oxidative Phosphorylation; PCK2, Phosphoenolpyruvate Carboxykinase [GTP]; Pi, Inorganic
Phosphate; ROS, Reactive Oxygen Species; TIM, Translocase of the Inner Membrane; TOM, Translocase of
the Outer Membrane.

First, neuronal mitochondria in AD are different in number and shape. The mitochondria number
per neuron is reduced as the physiological balance between fission and fusion is altered, leading
to a decreased biogenesis [149], and they appear to be swollen with misshapen cristae [150]. It has
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been observed in the AD brain of transgenic mice that there is a physical association of Aβ peptide
and mitochondria [151] occurring through the involvement of the translocase of the outer membrane
machinery [152]. It has also been shown that the Aβ peptide interacts directly with intracellular proteins
such as the mitochondrial enzyme Aβ Binding Alcohol Dehydrogenase (ABAD), thus mediating
mitochondrial enzymes insufficiency, oxidative stress, and cell death [153,154] (Figure 5).

Even though the exact mechanism of how Aβ peptide damages neuronal cells is still unknown,
several studies elucidated that the interaction of Aβ peptide with mitochondrial proteins, such as
Cyclophilin D (CypD) [155] and Cytochrome C Oxidase (COX) [156], leads to a disruption of the
Electron Transport Chain with a consequent increase in ROS production and loss of Adenosine
Triphosphate (ATP) generation [157]. Interestingly, COX activity was reported to be reduced
also in platelet mitochondria derived from AD patients and in animal models of AD [158,159]
(Figure 5). Moreover, the Aβ peptide appears to interfere with antioxidant enzymes (i.e., superoxide
dismutase [Cu-Zn], catalase, and glutathione) and Kreb’s cycle enzymes (pyruvate dehydrogenase,
malate dehydrogenase, and aconitase) [160]. On the other hand, other reports suggested that
the mitochondrial dysfunction is independent of Aβ-peptide deposition and hypothesized the
‘Mitochondrial cascade hypothesis’ for AD pathogenesis, by which the impairment of mitochondrial
activity (mostly due to the respiratory chain and bioenergetic mechanisms failures) is upstream the Aβ

cascade formation [161,162].
Mitochondria normal homeostasis appears to be compromised in the AD brain at different

levels, including Ca2+ homeostasis, which regulates various neuronal functions such as impulse
transmission, synaptic plasticity, and neuronal death. It has been observed that Aβ/Tau mitochondrial
binding impairs also the mitochondrial Ca2+ handling capacity, resulting in oxidative stress, decreased
mitochondrial membrane potential, decreased mitochondrial permeability transition pores formation,
and deficient ATP synthesis [163]. On the one hand, impaired intraneuronal Ca2+ signaling is known to
promote the abnormal aggregation of Aβ peptide, while on the other hand, Aβ can lead to a cytosolic
Ca2+ overload by reducing its storage in the endoplasmic reticulum [144].

As a result of its proximity to the principal intracellular source of ROS and the lack of protective
histone and limited repair mechanisms, mitochondrial DNA (mtDNA) is particularly susceptible to
DNA damage caused by oxidative stress. As a matter of fact, several studies observed that AD-mtDNA
differs from age-matched control subjects. Brain mtDNA nucleotide oxidative damage, as well as the
frequency of point mutations, appear to be higher in AD subjects [164,165]. Moreover, association
studies highlighted that particular mtDNA haplogroups and specific mtDNA SNPs are statistically
over or underrepresented in AD patients [166–169].

Interestingly, recent studies have demonstrated a correlation between APOE4 expression and
the mitochondrial function [170,171]. In particular, Schmukler and co-author have demonstrated
that mitochondria have reduced fission and mitophagy in APOE4-carrier astrocytes compared
to APOE3-carrier astrocytes [170]. These results were also confirmed in the hippocampus of
ApoE4 mice [171].

Potential Mitochondria Biomarkers for AD Diagnosis

Considering the central role of mitochondria in AD pathophysiology, a major issue for AD early
diagnosis is the identification of new candidate biomarkers related to mitochondrial enzymes and
metabolism in peripheral districts such as CSF and blood. Even though the establishment of reliable
and consistent mitochondrial biomarkers for AD is still not achieved, studies have been carried out
to shed light on the possible use of mitochondrial markers for this purpose [172]. For example,
a recent study has demonstrated the possibility of detecting alterations in the expression of nuclear
and mitochondrial encoded Oxidative Phosphorylation (OXPHOS) genes in blood samples from AD
and MCI patients [173] (Figure 5). Interestingly, a recent serum proteome profiling study identified
deregulated proteins in AD samples, in particular, 12 proteins associated with mitochondrial function
including PCK2, AK2, HSPA9, CYCS, DLD, and GATM (see Abbreviation List) [174] (Figure 5).
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In another study aiming at identifying differentially expressed genes in blood samples of AD patients,
it has been suggested that mitochondrial dysfunction, nuclear factor-κB (NF-κB) signaling and inducible
Nitric Oxide Synthase (iNOS) signaling pathways are all dysregulated in AD pathophysiology [175].
However, these results still need to be confirmed. Finally, giving the importance of mitochondria in
AD pathogenesis, Ridge et al. recently created a new extended dataset of mitochondrial genomes to
investigate the impact of mitochondrial genetic variation on the risk for AD, with the aim of helping
further research on mitochondrial peripheral biomarkers [176].

3.4. Lysosomes Dysfunction and AD

In post-mitotic neurons, endocytosis and macroautophagy processes are particularly important
for maintaining the correct homeostasis and transducing signals through axons and synapses;
thus, the correct functioning of the lysosomal system is crucial for the nervous system [177–179].

Many reports have associated autophagic pathway dysfunction to neurodegeneration
development [180]. Alterations of this pathway have been identified at different levels and resulted in
defective autophagic proteolysis of the macromolecules/molecular complexes within the lysosomal
compartment [180–182]. The correlation of abnormal autophagic activity in AD has been described by
Nixon and co-authors [180], who emphasized the impairment of the autophagolysosomes in human
AD fibroblasts and in several models of the disease [183,184]. For instance, they have demonstrated
the role of presenilin-1 for targeting v-ATPase to lysosomes as well as for their acidification and
autophagic activity. These functions were absent in cells from psen1-null mice [184]. The abnormal
autophagosomes accumulation was also recently described in the distal region of axons in neurons of
AD patients and animal models, and it was correlated with the impairment of retrograde transport
along the axons and with changes in the autophagic clearance of the Aβ peptide [179]. This work is
an example of many others showing the autophagy deficit in the “neuronal housekeeper” function
by which lysosomes lose the capability to degrade aberrant proteins, thereby participating in the
accumulation Aβ peptide and Tau [185–193].

Interestingly, the enlargement of early endosomes/lysosomes compartments in neurons of
AD brains as well as the extracellular presence of lysosomal hydrolases and their co-localization
with amyloid plaques have been also observed before amyloid deposition [194–197]. During AD
progression and in primary tauopathies, lysosomes become compromised, as there is an accumulation
of endo/autolysosomal structures and intermediates in dystrophic neurons around amyloid
plaques [197–200]. Many other laboratories have reported marked lysosomal system alterations
in mouse models of AD (both amyloidosis and tauopathy models [201–203]). which had been noted
also in brain regions affected only at very late stages of the disease [204,205], thereby suggesting that
lysosomal alterations could precede neurodegeneration and encouraging further studies focused on the
initial stages of AD [206]. Moreover, lysosomal impairment seems to be accompanied by the activation
of particular secretory routes to remove misfolded protein, including Tau and Aβ peptide [207–210],
as observed in Neuroaminidase 1 (Neu1) null mutant mice [211]. This could diminish the intracellular
proteins accumulation but facilitate altered cell-to-cell transmission of the pathology.

Overall, the connection between AD and lysosomal dysfunction appears to be a vicious cycle
in which lysosomal impairment contributes to Aβ peptide and Tau accumulation which, in turn,
contributes to improper functioning of the lysosomal pathways [212].

In particular, Aβ peptide aggregates were found in endosomes, autophagic vesicles, multivesicular
bodies, and lysosome [196,213–215], where the presence of APP in the outer lysosomal membrane and
γ-secretase activity in lysosomal membranes was shown [216–218]. In addition to being a potential site
of Aβ-peptide production, lysosomes are responsible for the complete hydrolysis of APP, APP-CTFs,
and Aβ [219,220]. A recent study in APP/psen1 mice highlighted the importance of lysosomal
degradation of APP in preventing its availability to the canonical amyloidogenic pathway [220].
Moreover, over-activation of the lysosomal system is emphasized in EOAD caused by mutations
of psen1 and in transgenic mice overexpressing the PS L146M mutation [221]. Lysosomal system
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activation progressively worsens as neurons become metabolically compromised. Loss of function
gene mutations of Cathepsin D (CatD), a ubiquitous lysosomal protease [222], have been shown to
cause progressive neurodegeneration [206,223–226] and, additionally, CatD was found to be decreased
in AD patients’ fibroblasts [227] and mouse models [228]. Cathepsin B (CatB) was also found to be
decreased in a mouse model [228], and the evidence of its important role in reducing Aβ-peptide levels
reinforced the interest in cathepsins role in AD [229]. Further evidence of lysosomal dysfunction in
AD came from alterations in lysosomal enzymes expression and activity. In particular, activities of
the lysosomal glycohydrolases β-Galactosidase (Gal), β-Hexosaminidase (Hex), and α-Mannosidase
were found to be increased in fibroblasts from AD patients and presymptomatic individuals with
FAD [230] and in the cortex of mouse model of AD, where there was an increase in Gal and Hex
activity [231]. Studies conducted in our laboratory led to the observation that alterations in lysosomal
glycohydrolases (Gal, Hex, β-Galactosylcerebrosidase, CatB and Cathepsin S (CatS)) were detectable
also in peripheral districts such as blood plasma and the Peripheral Blood Mononuclear Cells
(PBMCs) of AD patients, and that some of these alterations could discriminate AD from MCI [232,233].
In addition, gangliosides, which are substrates for some lysosomal enzymes [234,235], are altered in
AD: monosialo-gangliosides are reported to increase in AD, while more complex gangliosides tend to
decrease [202]. It was proposed that APP pathological processing could contribute to gangliosides
alteration as AICD appears to down-regulate ganglioside GD3-synthase [236]. Moreover, GM1 and
GM3 gangliosides are both capable of binding Aβ-peptide, and these interactions appear to occur
early in disease progression, as they have been detected in brains that showed only the earliest signs
of AD [202,236,237]. Other evidence of the involvement of gangliosides in AD pathophysiology
came from the observation that the inhibition of glycosylceramide synthase, which catalyzes the first
step in glycosphingolipid biosynthesis, was correlated with a reduction of amyloidogenic processing
of APP [238].

Of note, AD patients showed different exosome profiles compared to MCI patients [239] and
differences in synaptic proteins and autolysosomal markers (including CatD and Heat Shock Protein 70)
have been found in AD patients’ exosome before symptoms onset [240,241], suggesting the potential
use of exosomes as diagnostic biomarkers [212].

Potential Lysosomal Biomarkers for AD Diagnosis

The increasing evidence demonstrating the involvement of lysosomal system alterations in AD
pathogenesis suggest that monitoring levels of the autophagy proteins as well as lysosomal enzymes
and their products may be used as a biomarker for early diagnostic purposes (Figure 6).

For instance, the correlation of AD and Lysosomal Storage Disorders (LSDs) (a group of inherited
diseases caused by mutations in lysosomal enzymes [242,243]) was confirmed by the detection of
altered sphingolipid metabolism-related molecules in the CSF and serum of AD patients, thereby
highlighting their biological relevance as possible biomarkers of the lysosomal proteins [244].

High baseline plasma levels of Ceramide (Cer) 16:0 and Cer 24:0 correlated with an increased
risk of AD in older women, and increased Cer 22:0 and Cer 24:0 levels suggested hippocampal
volume loss and cognitive decline [125]. Moreover, although a major decrease of CSF sulfatide was
observed in the early stages of AD, very little change in its concentration was observed at the advanced
stages [125,245,246] (Figure 6).

The levels of lysosomal enzyme Hex in plasma, Gal, and CatB in PBMCs from AD patients allowed
discriminating AD versus healthy subjects and AD versus MCI [232,233].

Increased levels of lysosomal proteins (i.e., CatD and Lysosomal-Associated Membrane Protein 1,
LAMP1) and decreased levels of synaptic proteins (synaptophysin, synaptopodin, synaptotagmin-2,
and neurogranin) were also observed in the neural-derived plasma exosomes of AD patients [247]
(Figure 6). Finally, neural-derived exosomes have been proposed as peripheral AD biomarkers.
These exosomes, isolated from AD patients, showed significantly higher levels of Aβ1-42-peptide,
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Tau, p-Thr181 Tau, and p-Ser396 Tau (compared to controls), which provided a high predictability of
disease development in the preclinical stage [247].

 

Figure 6. Lysosomes dysfunction and AD. Cartoon schematizes the main altered event leading to
the alteration of lysosomal compartment and the table reports potential useful AD biomarkers as
described in the text. The arrow direction (up ↑, down ↓) indicates the higher and lower expression
levels of the related biomarker in AD with respect to healthy controls (HC) or MCI (Mild Cognitive
Impairment). Aβ, β-Amyloid; CatB, Cathepsin B; CatD, Cathepsin D; CatS, Cathepsin S; Cer, Ceramide;
Gal, β-Galactosidase; Hex, β-Hexosaminidase; LAMP1, Lysosomal Associated Membrane Protein 1;
NDE, Neural-derived exosomes; NFTs, Tau Neurofibrillary Tangles.

3.5. Metabolic Syndrome

In addition to the above-described metabolic alterations, metabolic syndrome also includes
systemic organ dysfunction, hyperglycemia, insulin resistance, hypertriglyceridemia, low High-Density
Lipoprotein (HDL) cholesterol, obesity, and hypertension [248–252]. As there is a strict correlation
with systemic dysfunction, the identification of specific biomolecules as AD biomarkers is still under
evaluation. However, FDG-PET imaging has evidenced that a gradual decrease in the cerebral glucose
metabolic rate could discriminate patients with MCI that will develop AD from those who will not,
suggesting that metabolic dysfunction may have a key role in the early mechanisms of AD [253].

A lipidomic study in the post-mortem human brain highlighted 34 metabolites that might differentiate
AD patients from healthy controls [254]. These metabolites belong to pathways of some amino acids
(alanine, aspartate, glutamate; arginine, proline, cysteine, methionine, glycine, serine, and threonine),
purine metabolism, pantothenate, and coenzyme A biosynthesis [254], which were all altered in AD.
This was also confirmed by metabolomic analysis of human plasma indicating the alterations of polyamine
and arginine metabolism in MCI patients who afterwards developed AD [255].
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4. Cross-Talk between Metabolic Dysfunctions, Neuroinflammation, and Neurodegeneration in AD

The altered metabolic pathways contribute to the chronic status of neuroinflammation and
neurodegeneration present in AD patients. In the next paragraphs, we highlight this cross-talk
(Figure 7).

Figure 7. Cross-talk between metabolic dysfunctions, neuroinflammation, and neurodegeneration
in AD. Schematic representation. AD, Alzheimer’s Disease; ALS, Amyotrophic Lateral Sclerosis;
HD, Huntington’s disease; LSD, Lysosomal Storage Disorder; PD, Parkinson’s Disease.

4.1. Neuroinflammation, Metabolic Alteration, and AD

The metabolic alterations occurring in AD described in the previous paragraphs all contribute
to the worsening of the neuroinflammation state that characterizes this disease [256,257].
In AD, impaired glucose metabolism and insulin resistance are deeply correlated to the chronic
inflammation state [79] as well as to adipose tissue that releases numerous pro-inflammatory
adipokines [104–106,110]. Moreover, mitochondria dysfunctions promote oxidative stress and
energy metabolism impairment [144,146], while lysosomal alterations lead to an impairment of the
autophagic pathway and of its general degradation activity [197,200,212]. All the above events
partake in the progress of AD neuroinflammation state [197,200,212].

Indeed, the CNS microglia and astrocytes have a central role in the neuroinflammation process
occurring in AD [258–261]. In particular, the microglia has a phagocytic role that helps clear damaged
neurons and remove pathogens other than facilitating tissue repair [262], while astrocytes are involved
in many functions such as neurotransmitter uptake and recycling, the modulation of synaptic activity,
and maintenance of the correct permeability of the BBB [260,261,263]. The integrity of the BBB in AD
is compromised, and it is likely that both Tau and Aβ peptide may be involved in the loss of BBB
integrity, exacerbating the neurodegenerative process and associated inflammatory responses [264].
In addition, further loosening of the tight junctions may be caused by the excessive release by the
microglia of pro-inflammatory cytokines observed in AD, such as TNFα, IL-1β, and IL-17A [265,266].
Microglia appears to directly interact with soluble Aβ oligomers and Aβ fibrils via specific receptors
including class A scavenger receptor A1, Cluster of differentiation (CD) 36, CD14, α6β1 integrin,
CD47, and Toll-like receptors (TLR2, TLR4, TLR6, and TLR9) [267,268]. This binding leads to
microglia activation that results in pro-inflammatory cytokines and chemokines production [267,268].
Moreover, astrocytes are highly activated in AD in response to excess Aβ peptide, which also leads
to the upregulation of pro-inflammatory factors [269,270]. Among the different transcription factors,
NF-κB is considered a primary regulator of inflammatory responses because its activation enhances
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BACE1 expression, thus stimulating the cleavage of APP and Aβ-peptide production [270]. In turn,
BACE1 promotes the activity of secretases that enhance the production of Aβ peptide from APP.
In detail, the reactive astrocytes express BACE and PSEN1 genes [270].

Finally, in a recent work, Ising et al. [271] have demonstrated that the inhibition of the NLRP3
(see the Abbreviation List) inflammasome activity in mouse models significantly reduced Tau
phosphorylation in different brain regions and prevented cognitive decline, thus indicating that
the NLRP3 inflammasome may have an important role in AD pathophysiology [271].

Marker of Neuroinflammation for AD Diagnosis

The molecules that partake in AD-related neuroinflammation processes are extensively studied as
potential markers that could be monitored for early AD diagnosis. For example, a recent meta-analysis
reported high CSF concentration of soluble TREM2, MCP-1, Chitinase 3-like 1 (YKL-40), and TGF-β
in AD patients compared to healthy controls and increased tumor necrosis factor receptor 1 and 2 in
peripheral blood of AD patients but not MCI patients [272].

TREM2 is a membrane receptor that plays a key role in mediating the phagocytic clearance
during apoptosis, including the microglial phagocytosis of apoptotic neurons, and in modulating
the inflammatory response caused by damaged myelin and amyloid plaques [273–275]. The tailored
proteolytic cleavage of TREM2 at the H157–S158 peptide bond by A Disintegrin and metalloproteinase
domain-containing protein (ADAM) 10 and ADAM17 proteases produces the soluble TREM2 [276,277],
which generally is highly released in the CSF, where its levels are considered positive markers for
neuronal injury [278,279]. For instance, the levels of soluble TREM2 increased in patients with
autosomal dominant AD, and this increase was measured in the CSF of 218 subjects, 127 mutation
carriers (MCs) and 91 noncarriers (NCs). In particular, the CSF levels of soluble TREM2 increased
in MCs with respect to NCs 5 years before the appearance of symptoms, and these levels remained
significantly higher until 5 years after symptoms onset [280].

In addition, peripheral cytokines levels such as IL-1β, IL-2, IL-6, IL-12, IL-18, IL-23, and TGF-β
were seen to be altered in AD patients and could be used as candidate biomarkers [281–284].

However, when considering using peripheral inflammatory biomarkers for detecting asymptomatic
phases of AD, it has to be taken into account that the alteration of these molecules is common to diverse
neurodegenerative disease; thus, it is necessary to correlate their levels with other markers [282,285,286].
Nevertheless, these markers together with other characteristics of AD could serve as a peripheral panel
that is useful to distinguish early AD from other neurodegenerative diseases.

4.2. Neurodegeneration, Metabolic Alteration, and AD

The numerous altered biological systems described so far in AD highlight the concept that the
characterization of this neurodegenerative disease requires a deep understanding of many diverse
pathological events. In this regard, it is crucial to underline that AD shares different pathological
aspects with other neurodegenerative diseases, which could make early diagnosis difficult [287].
As a matter of fact, AD shares several features with Parkinson’s Disease (PD), Huntington’s disease
(HD), and Amyotrophic Lateral Sclerosis (ALS) [286–292]. These common general pathways involve
protein misfolding and aggregation, mitochondrial dysfunctions, oxidative stress and ROS production,
neuroinflammation and phosphorylation impairment, and microRNA-altered expression [290,293,294],
which appear to be changed concurrently [287,295–299].

The toxicity of misfolded and aggregated proteins is well-established, as it was observed in
different neurodegenerative diseases (i.e., Aβ peptide in AD, α-Synuclein in PD, and Huntingtin in
HD), and even though it occurs in different brain regions for each disease, confirms a crucial role of the
toxicity of macromolecules accumulation in these disorders [300]. In this context, LSDs, due to their
improper accumulation of disease-specific metabolites, share neural cell death, neurodegeneration,
and other common interplay with the above-mentioned neurodegenerative diseases [287,301,302].
For example, cholesterol accumulates in late endosomes and lysosomes in the juvenile form of Niemann
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Pick type C disease characterized by progressive neurodegeneration similar to AD, including NFTs
formation and increased APP amyloidogenic processing [206,303,304]. An extensive study reported
APP-CTFs, Aβ peptide, and α-Synuclein accumulation in the Sandhoffmouse model [305–307] and
ganglioside-bound Aβ-peptide in post-mortem human brains of patients with GM1 gangliosidosis
and GM2 gangliosidosis [308]. Other evidence came from the presence of soluble Aβ(1-40)-peptide in
post-mortem brains of patients with Mucopolysaccharidosis type 1 [309], in the mouse models
of Mucopolysaccharidosis type IIIB [310], and the neuropathic form of Gaucher disease [311].
The accumulation of APP and APP-CTFs in the hippocampus of Neu1-deficient mice, a model of the
LSD sialidosis, has also been demonstrated [202,211]. Common signs among AD, PD, HD, and ALS
came also from the pathways regulating the clearance of misfolded and abnormal proteins that are
associated with neurodegenerative diseases [312–316].

The toxic accumulation of proteins and metabolites is also partially responsible for the
neuroinflammation process that is common to almost all neurodegenerative diseases. Today, innate immunity,
with the particular relevance of glial cells, is considered to have a central role in brain homeostasis
neurodegenerative events [317]. Indeed, sequencing and GWAS studies contributed to highlight the role of
immunity and microglia as important contributors to the pathological events occurring in neurodegenerative
diseases. This strengthened the idea of reversing degenerative events by reducing inflammation, even though
it is still not clear at which time point this approach could be determinant [318].

Another common feature in neurodegenerative diseases is the oxidative stress caused by ROS and
Reactive Nitrogen Species (RNS) brain accumulation [319–322]. The oxidative damage of different
molecules within neurons (such as lipids, DNA, and proteins) was observed in AD, PD, HD, and ALS.
In particular, ROS derived from Nicotinamide Adenine Dinucleotide Phosphate Oxidase 2 [320],
which were detected in endothelial cells, platelets, neurons, astrocytes, and microglia, were suggested
to be critical in mediating inflammation and apoptotic pathways in the CNS [261,321,323].

Neurodegeneration and Biomarkers for AD

The common pathways involved in neurodegenerative diseases, such as protein aggregation,
neuroinflammation, and dysfunction in the metabolic and autophagic system, make the diagnosis
of each specific disease more difficult. Currently, it is possible to clearly discriminate one
neurodegenerative disease among others by combining several common and genetic-specific markers,
whether possible. These include AD rare mutations in APP, PSEN1, and PSEN2 genes [324]; PD-specific
genetic markers (e.g., in SNCA, LRRK2, PRKN, UCHL1, PINK1, DJ-1, NR4A, see Abbreviation
List) [324]; ALS genetic mutations in more than a dozen genes that have been found to cause
familial ALS (ALS2, NEFH, FUS, TARDBP, C9orf72, and SOD1 [325], see Abbreviation List); and the
HD characteristic mutation in the Huntingtin gene [324]. Finally, the LSDs can be identified by
disease-specific genetic mutations that lead to enzyme deficiencies within the lysosomes, resulting in
an accumulation of undegraded substrate [326].

5. Concluding Remarks

In this review, we have documented the involvement of metabolic alterations in AD pathogenesis
and highlighted the contribution of these findings to improving a suitable biomarkers’ panel for the early
diagnosis of AD. Indeed, the field is under constant update due to the metanalysis investigations that
integrate old and new findings from proteomic, metabolomic, and transcriptomic studies comparing
AD versus healthy subjects or AD versus MCI or other neurodegenerative disorders [327–329].
Advancing is also from an available innovative in vitro cell model of AD or other neurogenerative
diseases [330–335].

The overall findings provide a portfolio of biomolecules with potential therapeutic AD activity.
This may help overcoming the absence of an effective therapeutic strategy for AD, as the available
therapeutic agents are up to now just symptomatic treatments focused on improving cognitive
symptoms: 3 acetylocholinesterase inhibitors (donepezil, galantamine, and rivastigmine) that help
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maintain high acetylcholine levels, and the noncompetitive n-Methyl-D-Aspartate (NMDA) receptor
antagonist memantine used for counteracting glutamate excitatory neurotoxicity [336–338].

However, due to the discovery of the new AD biomarkers, there are currently 136 active trials
involving 121 therapeutic agents at different stages. The disease-modifying drugs that have been
studied in the last years that eventually reached phase 3 are mainly focused on counteracting (i) the
deposition of extracellular amyloid β plaques mainly consisting of immunotherapy approaches and
(ii) the synaptic plasticity or neuroprotection small molecules [339].

Small molecules in phase 3 are targeted to (i) Synaptic plasticity/Neuroprotection:
AGB101, ANAVEX2-73, BHV4157, Icosapent Ethyl; (ii) Inflammation/Infection/Immunity:
ALZT-OP1a, Azeliragon, COR388, Masitinib; (iii) Metabolism and bioenergetics: Metformin,
Tricaprilin; (iv) Vasculature: Losartan+Amlodipine+Atorvastan and (v) Tau: TRx0237 [339].
In particular, TRx0237 (LMTX), which is a Tau aggregation inhibitor that decreases the level of
aggregated Tau proteins [340], is a promising agent, and the ongoing phase 3 trial should be
completed in 2022 [341]. Of note, 18F-FDG-PET is used as an outcome measure to monitor the
efficacy of the treatment [341,342].

Other than small molecules, important immunotherapy strategies have been developed and
represent another encouraging approach that may lead to the finding of some effective treatment for AD.
Monoclonal antibodies have been developed to target Aβ and Tau oligomers, and the immunotherapy
agents already in phase 3 are all targeted to amyloid: Aducanumab (Monoclonal antibody directed
at plaques and oligomers), BAN2401 (Monoclonal antibody directed at protofibrils), Gantenerumab
(Monoclonal antibody directed at plaques and oligomers), and Solanezumab (Monoclonal antibody
directed at monomers) [339].

The active vaccination agent CAD106 (Amyloid Vaccine consisting of multiple copies of the Aβ1–6
peptide coupled to a carrier containing bacteriophage Qβ coat proteins) was a promising therapy that
entered phase 2/3 in 2015 [343] and continued phase 3 in 2019, but in September 2019, Novartis noted
that the CAD106 project had been retired [344,345].

Finally, the recent findings on the regulatory role of microRNAs in AD pathophysiology
encouraged the possibility of modulating mRNA transcription using Antisense Oligonucleotides
(ASOs). For example, ASOs targeting GSK-3β in Senescence-Accelerated Prone mice P8 mice improved
memory and learning and decreased oxidative stress [346], while ASOs targeting human Tau expressed
in one AD mouse model were able to ameliorate pathological Tau deposition [347].

In conclusion, the overall findings here reviewed envisage the great molecular complexity of
AD pathogenesis, validate the difficulty to establish an early decision diagnosis, and also indicate
a new roadmap that collects canonical AD hallmarks and new biomolecules coming from altered
metabolic pathways.
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Abbreviations

A2M Alpha-2-Macroglobulin
ABCA2 Adenosine Triphosphate Binding Cassette Subfamily A Member 2
ABCA7 Adenosine Triphosphate Binding Cassette Subfamily A Member 7
ADAM10 A Disintegrin And Metalloprotease Domain 10
AK2 Adenylate Kinase 2
ALS2 Alsin Rho Guanine Nucleotide Exchange Factor Amyotrophic Lateral Sclerosis 2 APOE
ATP8B4 Adenosine Triphosphatase Phospholipid Transporting 8B4
BACE1 Beta-Secretase 1
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BIN1 Bridging Integrator-1
C9orf72 C9orf72-SMCR8 complex subunit
CD33 Sialic Acid-Binding Ig-Like Lectin 3
CLU Clusterin
CR1 Complement C3b/C4b receptor 1 (Knops blood group)
CTNNA3 Catenin Alpha 3
CYCS Cytochrome C
DJ-1 Parkinsonism-associated deglycase
DLD Dihydrolipoyl dehydrogenase
DNMBP Dynamin Binding Protein
FUS Fusion RNA binding protein
GAB2 Growth Factor Receptor Bound Protein 2 Associated Binding Protein 2
GATM Glycine Amidinotransferase
HSPA9 Stress-70 protein
LRRK2 Leucine-Rich Repeat Kinase2
MS4A6A Membrane Spanning 4-Domains A6A
NEFH Neurofilament Heavy
NLRP3 Nucleotide-Binding Oligomerization Domain, Leucine-Rich Repeat and Pyrin Domain Containing 3
NR4A2 Nuclear Receptor Subfamily 4 Group A Member 2
OLR1 Oxidized Low Density Lipoprotein Receptor 1
OTC Ornithine Carbamoyltransferase
PCK2 Phosphoenolpyruvate Carboxykinase 2
PICALM Phosphatidylinositol Binding Clathrin Assembly Protein
PINK1 Phosphatase and Tensin Homolog-induced Kinase 1
PLD3 Phospholipase D family member 3
PRKN Parkin RBR E3 ubiquitin protein ligase
SNCA Synuclein alpha
SOD1 Superoxide Dismutase 1
SORL1 Sortilin Related Receptor 1
TARDBP TAR DNA Binding Protein
TOMM40 Translocase of Outer Mitochondrial Membrane 40
TREM2 Triggering Receptor Expressed on Myeloid Cells 2
UCHL1 Ubiquitin C-Terminal Hydrolase L1
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Abstract: Alzheimer’s disease (AD) is diagnosed using neuropsychological testing, supported by
amyloid and tau biomarkers and neuroimaging abnormalities. The cause of neuropsychological
changes is not clear since they do not correlate with biomarkers. This study investigated if changes
in cellular metabolism in AD correlate with neuropsychological changes. Fibroblasts were taken
from 10 AD patients and 10 controls. Metabolic assessment included measuring total cellular
ATP, extracellular lactate, mitochondrial membrane potential (MMP), mitochondrial respiration
and glycolytic function. All participants were assessed with neuropsychological testing and brain
structural MRI. AD patients had significantly lower scores in delayed and immediate recall, semantic
memory, phonemic fluency and Mini Mental State Examination (MMSE). AD patients also had
significantly smaller left hippocampal, left parietal, right parietal and anterior medial prefrontal
cortical grey matter volumes. Fibroblast MMP, mitochondrial spare respiratory capacity (MSRC),
glycolytic reserve, and extracellular lactate were found to be lower in AD patients. MSRC/MMP
correlated significantly with semantic memory, immediate and delayed episodic recall. Correlations
between MSRC and delayed episodic recall remained significant after controlling for age, education
and brain reserve. Grey matter volumes did not correlate with MRSC/MMP. AD fibroblast metabolic
assessment may represent an emergent disease biomarker of AD.

Keywords: Alzheimer’s disease; mitochondrial spare respiratory capacity; mitochondrial;
membrane potential; glycolytic reserve; semantic memory; phonemic fluency; episodic memory;
neuropsychology; neuroimaging

1. Background

Alzheimer’s disease (AD) is the most common cause of dementia worldwide and in 2018 was
estimated to cost the global economy 1 trillion US dollars [1]. The clinical symptoms of the disease
are the progressive loss of different aspects of cognitive function until a patient becomes completely
dependent on the care of family members and healthcare workers [2]. Median survival after diagnosis
is 7 to 10 years for people in their 60s to 70s, and 3 years for people in their 90s [3].

The disease is characterized pathologically by the presence of extracellular amyloid plaques
comprising mainly of the amyloid beta protein; and intracellular neurofibrillary tangles (NFT) made
mainly of the cytoskeletal protein tau [4]. To date the cause of AD still remains poorly understood.
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As the buildup of amyloid appears to be a key step in the development of both familial and sporadic
forms of the disease, the amyloid cascade hypothesis has become the leading theory for the cause of
the condition [5]. In brief, this hypothesis states that the key step in developing AD is the accumulation
of amyloid beta through reduced breakdown and clearance, and/or increased production. Strategies
aimed at reducing the amyloid load in the brain, however, have failed to control the disease [6] and have
resulted in a large number of clinical trials that have failed to achieve primary outcome measures [7].
Even in pre-clinical carriers of dominantly inherited AD mutations, amyloid removal therapies have
not slowed disease progression [8]. Furthermore, brain amyloid load does not correlate with clinical
symptoms [9]. This has led researchers to investigate alternative pathophysiological mechanisms [10].

AD is clinically defined by distinctive changes in cognitive status identified by neuropsychological
assessment. Brain imaging changes and amyloid and tau protein levels in the cerebrospinal fluid are
used to confirm the diagnosis in vivo [11]. The changes seen in a patient’s ability to perform a cognitive
task are often difficult to explain from a cellular perspective. Tau deposition does explain elements
of the observed neuropsychological abnormalities [12], but does not fully account for all cognitive
changes observed in AD patients [13,14].

Cognitive processing, such as that required while performing memory tasks, puts an increased
metabolic demand on the brain [15]. This is evidenced by neuroimaging studies of the brain which
use tracers of metabolism such as 2-[18F]fluoro-2-Deoxy-D-glucose (FDG) that have shown poor
glucose utilization in patients who perform poorly on memory tasks [16,17]. Positron-emission
tomography (PET) imaging studies that use oxygen-15 labelled water also show reduced uptake when
AD patients perform cognitive tasks [18]. These imaging studies suggest that any deficit in metabolic
function, such as deficits in mitochondrial respiration or glycolysis, are likely to affect an individual’s
performance on cognitive tasks. It is therefore possible that mitochondrial respiration or glycolytic
dysfunction might contribute to cognitive deficits in AD, making these cellular processes suitable
pharmacological targets to improve the cognitive symptoms of AD.

Cellular metabolic changes within the brains of patients with AD and in peripheral cell populations
are seen very early in the condition, and often precede the development of both amyloid plaques and
NFT. Abnormalities have been shown in many metabolic pathways in AD [19]. Mounting evidence
suggests that deficits in glycolysis and the function of mitochondria, specifically how they control
oxidative phosphorylation, are likely to be key in the development and establishment of AD [20–22].

A mitochondrial cascade hypothesis has been suggested for the aetiology of AD, and states that
people who inherit mitochondrial genes that predispose them to lower mitochondrial respiration rates
may be more likely to develop the condition [23]. In animal models of AD, changes in mitochondrial
function are seen prior to amyloid deposition [20,24], and cell models show changes in mitochondrial
function and oxidative stress without the presence of amyloid [25], giving further evidence for the key
role of mitochondrial dysfunction in AD.

Impairment of glycolysis is also seen early in patients with AD. A 2-[18F]fluoro-2-Deoxy-D-glucose
positron-emission tomography (FDG-PET) imaging of the brain shows a reduction in glucose
metabolism [26]. In particular, there is a reduction in aerobic glycolysis in brain areas susceptible to
amyloid deposition [27], and in those regions where high levels of tau accumulation are seen [28].

We have previously shown that fibroblasts from sporadic AD (sAD) patients have multiple
mitochondrial structural and functional abnormalities, and that these can be ameliorated by treatment
with ursodeoxycholic acid (UDCA) [29]. Other studies have shown that glycyl-l-histidyl-l-lysine
(GHK-Cu), by increasing gene expression, has an effect on improving mitochondrial activity and
influencing cognitive decline [30]. In our previous study we showed sAD fibroblasts to have deficits in
mitochondrial membrane potential (MMP) and mitochondrial spare respiratory capacity (MSRC). MSRC
refers to the difference in oxidative phosphorylation rates between the basal level of mitochondrial
respiration and the maximal level a cell can achieve [31]. In essence, MSRC measures the cellular
reserve respiratory capacity. In animal models of AD it has been shown that deficits in MSRC cause
cognitive deficits that treatment with the antioxidant pyrroloquinoline quinone can improve [32]. It has
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not been previously shown, however, whether changes in MSRC in human cell lines obtained from
sAD patients correlate with their performance on neuropsychological tests.

As deficits in both glycolysis and mitochondrial function have been shown in AD patients and
models, in this proof of concept study we explored metabolic function in fibroblasts from sporadic AD
patients and its role in the cognitive decline experienced by these patients. To this end, we assessed
mitochondrial functional changes in a larger cohort of patients compared to the findings described in
our previous study [29]. We have then assessed additional metabolic parameters in the sAD fibroblasts
including glycolytic function and cellular ATP levels, which have previously not been described.
Finally, we investigated whether these metabolic abnormalities detected in sAD fibroblasts correlated
with neuropsychological and neuroimaging features typical of the early stages of this disease.

2. Results

2.1. Patient Demographic Details

Skin biopsies were taken from ten sAD patients (mean age 61.3 years, 6 male) and ten controls
(mean age 66.7 years, 5 male). Body mass index (BMI) did not differ significantly between the groups
(sAD mean 27.8 kg/m2 SD 5.37 kg/m2 Controls mean 28.2 kg/m2 SD 4.00 kg/m2 t-test p = 0.44). Table 1
shows patient and control demographic data.

Table 1. Patient Demographic Information and contemporary treatment status.

Patient Number Age (Years) Sex MMSE
Length of

Education (Years)
AD Treatment (in Disease Cohort,

at Time of Biopsy)

1 63 Male 20 16 None
2 57 Male 18 15 Donepezil
3 53 Male 14 11 Donepezil

4 * 60 Male 18 9 None
5 * 59 Female 23 11 Galantamine
6 * 63 Female 26 10 Donepezil
7 * 60 Male 18 11 Memantine
8 60 Male 18 11 None
9 79 Female 28 15 None
10 61 Female 25 11 Donepezil

Group Mean
(Standard Dev)

61.33
(7.19)

20.8
(4.4)

12.0
(2.4)

Controls
1 66 Male 29 11 NA

2 * 54 Male 27 17 NA
3 * 53 Male 29 16 NA
4 * 56 Male 24 11 NA
5 61 Female 30 NA NA
6 54 Female 29 17 NA

7 * 100 Female 24 # 14 NA
8 75 Female 28 18 NA
9 73 Female 26 12 NA
10 75 Male 27 10 NA

Group Mean
(Standard Dev)

65.77
(14.7)

27.6
(1.8)

14
(3.1)

# For control 7 some items of the Mini Mental State Examination (MMSE) could not be tested due to sensory
impairment * indicates fibroblast lines in which Mitochondrial Membrane Potential (MMP) and Mitochondrial
Spare Respiratory Capacity (MRSC) values were published in our previous paper [29].

2.2. Neuropsychological Profiles

Neuropsychological profiling of controls and patients used in this study was performed as part
of the VPH-DARE research project (http://www.vph-dare.eu/), (see Methods section for additional
details). For the present study, a subgroup of neuropsychological tests was selected to be correlated
with metabolic findings. The tests which can detect the earliest typical cognitive impairments in mild
sAD were selected. These included assessment of semantic memory, immediate and delayed episodic
recall. Phonemic fluency was also selected as dysfunction on this cognitive test is seen later in AD but
not in its earlier stages [33]. All 10 controls and 10 patients with AD were assessed. The Mini-Mental
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State Examination (MMSE) [34] was also used, as this test is useful in staging disease severity in
sAD [34,35].

Patients with sAD performed at a lower level than controls on all tests (see Figure 1). The most
significant differences were seen in the tests of semantic memory (mean score in controls 42.6 points,
mean score in sAD 17.5 points, difference between means 25.1 points, SD 4.774 p < 0.0001); immediate
(mean score in controls 15.8 points, mean score in sAD 6.4 points, difference between means 25.1
points, SD 1.468 p < 0.0001); and delayed recall of the Prose Memory test (mean score in controls 18.6
points, mean score in sAD 5.5 points, difference between means 13.4 points, SD 1.488 p < 0.0001).
The phonemic fluency test performance was also significantly different between the 2 groups (mean
score in controls 50.5 points, mean score in sAD 27.4 points, difference between means 23.1 points, SD
6.837 p = 0.0033), but to a lesser extent than the other neuropsychological tests. As expected, MMSE
scores of sAD patients were significantly lower than those of controls (mean score in controls 27.3
points, mean score in sAD 21.3 points, mean difference 6.0 points, SD 1.54 p = 0.0011).

Figure 1. Mean scores of sporadic AD (sAD) patients and controls on cognitive tests included in the
neuropsychological assessment. Graphs show mean with error bars indicating standard deviation.
**** p < 0.0001; *** p < 0.001; ** p < 0.01. Controls are indicated by blue bars and sAD patients indicated
by green bars. Significant reductions were seen in sAD immediate recall (A), delayed recall (B), semantic
memory (C), phonemic fluency (D) and Mini Mental State Examination (E) when compared to controls.
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2.3. Neuroimaging Profiles

Volumetric structural MRI scans were acquired on 9 controls and 10 patients with sAD. One
control did not complete their MRI scan as an incidental finding (of no diagnostic significance for this
study) on initial scans meant the participant could no longer take part in the VPH-DARE@IT original
study. For the remaining participants, the left and right parietal lobes, anterior medial pre-frontal
cortex and posterior cingulate gyrus, and left hippocampal grey matter volumes were extracted as
these brain areas are affected early in AD [36].

Comparisons between the 2 groups showed no significant differences between the grey matter
volumes of the preselected areas when performing a t-test. Brain grey matter volumes can be affected
by age, education and brain reserve [37,38]. For these reasons a further analysis of the 2 groups was
completed controlling for these covariates. A significant difference emerged in the volume of the
left hippocampus, left parietal, right parietal and anterior medial prefrontal cortex in patients with
sAD after controlling for confounding variables. Table 2 highlights the F-test and p-values for these
differences. No significant difference was seen in the posterior cingulate cortex grey matter volume
between the 2 groups.

Table 2. Differences in Control and sAD brain volumes. This table shows the significance of the
differences in brain volumes between controls and patients with sAD when controlling for age, years of
education and brain reserve.

Brain Volume F-Test p-Value

Left Hippocampal Volume 9.420 0.001
Left Parietal Volume 7.882 0.002

Right Parietal Volume 10.051 <0.0001
Anterior Medial Prefrontal Cortex 0.056 0.017

Posterior Cingulate Cortex 0.752 0.575

2.4. Fibroblast Metabolic Assessment

Mitochondrial function was investigated in both sAD patients and controls. We measured
elements of both mitochondrial function and glycolysis. Five metabolic parameters were chosen that
best describe different factors influencing the ability of the fibroblast to meet its energy demands.
Mitochondrial parameters included: total cellular ATP, as this is a global marker of the energetic status
of the cell; MMP and MSRC. MMP and MSRC were selected as these parameters are important in
maintaining the rate of ATP production as cellular energy demand changes. These are also the two
parameters which we have previously identified as being relevant to the mitochondrial phenotype in
sAD fibroblasts [29]. Measures of glycolysis included glycolytic reserve and extracellular lactate levels.
Glycolytic reserve, like MSRC and MMP for mitochondrial function, is a measure of cellular metabolic
flexibility and deficits in this parameter are likely to contribute to an inability to maintain cellular
energy production. Extracellular lactate is the final breakdown product of glycolysis and contributes
information about how well the cell can utilize glucose as a metabolite.

First, we assessed MMP and MRSC as we have done in our previous work [29]. In this cohort,
MRSC was significantly reduced (36% reduction p < 0.0001) in sAD when compared to controls
(Figure 2A). MMP was also significantly reduced in the sAD fibroblast lines (14% reduction p = 0.011)
(See Figure 2B). Figure 2C shows a representative oxygen consumption trace for the mitochondrial
stress test experiment.
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Figure 2. Oxidative phosphorylation and Glycolytic fibroblast Assessment: *** = p < 0.001; * = p < 0.05.
Significant reductions in mitochondrial spare respiratory capacity (A), Mitochondrial Membrane
potential (D), Glycolytic Reserve (E) and Extracellular lactate (G) was detected in sAD when compared
to controls. No significant difference was seen in total cellular ATP (B). OCR and ECAR traces for
mitochondrial stress test and glycolysis stress test are displayed in panels (C) and (F) respectively.
For all panels controls are represented in blue and sAD are represented in green. Graphs represent
mean with error bars indicating standard deviation.

Next, we assessed total cellular ATP, which showed no significant difference between sAD patient
fibroblasts and controls when comparing mean values (p = 0.165, Figure 2D). The final metabolic
assessment of the fibroblast lines involved assessment of glucose metabolism using the glycolysis
stress test programme on the Seahorse analyzer and extracellular lactate measurement. A significantly
lower glycolytic reserve was found in sAD fibroblasts when compared to controls (see Figure 1E, 25.8%
reduction, p = 0.031). No significant differences were seen in maximum glycolytic rate (p = 0.792),
or basal glycolytic rate (p = 0.381). Figure 1F shows the extracellular acidification rate (ECAR) trace
for the glycolysis stress test, comparing the group of controls against the sAD fibroblast group.
Measurement of extracellular lactate levels revealed significantly lower lactate levels released from
sAD fibroblasts (14% reduction, p = 0.0227, Figure 2G).
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2.5. Neuropsychological/Metabolic Correlations

Next, we sought to correlate the neuropsychological scores of the sAD patients and controls
combined with their metabolic parameters measured in fibroblasts. As five neuropsychological
measures and five fibroblast metabolic markers had been assessed to identify differences in the control
and sAD fibroblast groups, we controlled for the effect of multiple comparisons by adjusting what we
deemed to be a significant association to p ≤ 0.01 (0.05/5). Using this new statistical threshold, only
MSRC and MMP metabolic tests and immediate, delayed and semantic memory neuropsychological
assessments were identified as significantly different between control and sAD groups. Correlations
were, therefore, performed only for these data sets.

MSRC had a significant positive correlation with immediate episodic recall (r = 0.612, p = 0.004),
delayed episodic recall (r = 0.669, p = 0.001) and semantic memory scores (r = 0.614, p = 0.003).
MMP correlated only with semantic memory scores (r = 0.565, p = 0.009). Immediate episodic recall
(r = 0.552, p = 0.0134) and delayed episodic recall correlated positively with MMP, but at a lower level
of significance (r = 0.540, p = 0.015). Figure 3 displays these correlations graphically.

Figure 3. Neuropsychological Fibroblast Metabolism Correlations. Significant correlations were seen
between mitochondrial spare respiratory capacity (MSRC) and delayed recall (A), Immediate recall
(B) and semantic fluency (C). Mitochondrial membrane potential (MMP) correlated significantly with
semantic fluency (F), and with delayed recall (D) and immediate recall (E) but to a lesser extent. For all
panels controls are represented in blue and sAD are represented in green. Correlation coefficients and
p-values for each correlation are displayed.

Age, years of education and brain reserve can potentially confound the correlations between
neuropsychological measurements and the fibroblast metabolic markers, as all three factors have been
shown to affect either performance on neuropsychological tests [39,40] or mitochondrial function [41]. To
control for the effect of these three covariates, a further analysis was performed taking these parameters
into account. This further analysis showed that the correlation between delayed episodic recall and
MSRC was still significant at the more conservative significance threshold. Both immediate episodic
recall (p = 0.013) and semantic memory (p = 0.012) correlations with MSRC were no longer significant
once covariates were included in the analysis at the new more stringent p-value. All correlations seen
between the neuropsychological tests and MMP were no longer significant after controlling for age,
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education and brain reserve. Table 3 displays the new correlation coefficients and p-values for the
neuropsychological data.

Table 3. Neuropsychological fibroblast metabolism correlations corrected for age, years of education
and grey matter reserve.

Psychological Test Fibroblast Marker R Value p-Value

Immediate Episodic Recall
MSRC 0.605 0.013
MMP 0.196 0.466

Delayed Episodic Recall
MSRC 0.695 0.003
MMP 0.204 0.448

Semantic Memory
MSRC 0.610 0.012
MMP 0.345 0.191

2.6. Neuroimaging/Metabolic Correlations

Volumetric imaging for areas of the brain known to be affected by AD were correlated with
metabolic markers of the disease. Only the grey matter volumes that had shown significant differences
between the sAD and control groups (with a p-value equal to or less than 0.01) were included. None of
the grey matter volumes showed a significant correlation with changes in cellular metabolism. Table 4
shows the results of the correlations.

Table 4. Grey Matter Volume Fibroblast metabolic correlations: No significant correlations were seen
between MMP nor MSRC and any grey matter volume when controlling for age, length of disease or
brain reserve.

Grey Matter Volume Fibroblast Marker R Value p-Value

Left Hippocampal Volume
MSRC 0.371 0.157
MMP 0.041 0.881

Left Parietal Volume
MSRC 0.341 0.196
MMP −0.047 0.862

Right Parietal Volume
MSRC 0.418 0.107
MMP −0.043 0.875

3. Discussion

This proof of concept study shows that fibroblast MSRC correlates with established
neuropsychological abnormalities that are affected early in AD. This is one of the first studies
to show a functional biomarker of AD correlating with a marker of fibroblast mitochondrial function.
MSRC is a measure of the ability of mitochondria within cells to increase the production of ATP in
response to an increased energy demand. The correlation of MSRC with neuropsychological scores
potentially helps to describe the cellular pathology underlying these neuropsychological changes
seen in AD. This is the first study in humans to show that peripheral cell MSRC correlates with
neuropsychological profiles. Correcting the abnormality in MSRC could be a future therapeutic
approach in AD. The fact that this abnormality in mitochondrial function correlates with a clinical
biomarker of AD also opens the avenue for monitoring drug response in future clinical trials.

MSRC has been shown to be abnormal in multiple diseases including acute myeloid leukaemia
(AML) [42], Parkinson’s disease [43,44] and motor neuron disease (MND) [45]. MSRC deficits may
not be disease specific, but the combination of cellular metabolic changes seen here may represent

316



J. Pers. Med. 2020, 10, 32

a cellular metabolic profile specific to sAD. This metabolic phenotype could potentially represent a
biomarker that can stratify and define a specific subset of sAD patients that might then respond to a
personalised therapeutic approach. Previous research has shown that the metabolic profile identified
in fibroblasts from sporadic Parkinson’s disease patients differs from that identified here in fibroblasts
from sAD [46,47].

Reductions in MSRC and MMP were seen in all sAD fibroblast lines when compared to controls
at a group level. These data reinforce and extend the findings reported in our previous paper [29], and
show that the finding of reduced MSRC and MMP is reproducible and more robust in sporadic AD
fibroblasts when sample size is increased. Extracellular lactate levels and cellular glycolytic reserves,
both markers of glycolytic function, were significantly reduced in all sAD fibroblasts. These measures,
however, did not meet the statistical significance for correlation with neuropsychological markers of
the disease. The deficits in markers of mitochondrial function and glycolysis in the fibroblasts reflect a
lack of flexibility of metabolic pathways in sAD. This lack of flexibility is likely to be very important
when performing cognitive tasks that depend on the coordination of multiple brain regions. Taken
together, these results suggest that sAD fibroblasts may have limited ability to respond to increased
cellular energy demand.

MMP did correlate with neuropsychological markers, but correlations did not survive the
correction for confounding factors unlike MSRC, for which correlation with delayed episodic recall
(a core feature in the clinical diagnostic criteria for sAD) remained significant. Semantic memory
and immediate episodic memory did not significantly correlate with MSRC at the more conservative
significance threshold after confounder consideration, but p-values for both of these correlations were
less than 0.02. Potentially, these correlations would reach significance level with an increased sample
size. The difference in MMP between control and sAD groups was much smaller than the difference
seen in MSRC. MMP has a key role in maintaining many pathways in the mitochondria outside that of
ATP generation, such as apoptosis fates [48]. It is likely that several mechanisms not affected by sAD
in the fibroblast cell help to maintain MMP levels, which may explain the reduced variability seen in
this parameter in sAD and the lack of a significant correlation with neuropsychological scores.

Baseline ATP levels were not significantly different between the two groups. These results
suggest that, in a controlled environment when cells are not stressed, they can maintain ATP levels
similar to that of controls. Interestingly though, the functional capacity of mitochondria is impaired,
as described above, suggesting a potential inability to respond appropriately to increased ATP demand.
The measurements of ATP we performed in this study only gives information about the total cellular
ATP level. We did not investigate the rate of ATP breakdown nor how ATP levels change when
the cell is under stressed conditions or the ratio of ATP/ADP in the cell. This may explain why no
significant correlations were seen with ATP measurements, but were seen with the other markers of
mitochondrial respiration.

It is interesting that the correlation between scores on phonemic fluency, a neuropsychological
test not affected early in sAD, and cell metabolism markers did not reach significance threshold. It.
The medial temporal lobe is important in semantic memory processing [49], an area of cognition that
is impaired very early in sAD [50]. This is not the case for phonemic fluency which is supported
by processes associated with frontal executive regions [51]. It could be that the correlations we see
between neuropsychological tests and cellular metabolic function may reflect which areas of the brain
are more susceptible to metabolic failure. It has been previously shown that areas of the brain that are
affected early in sAD express lower levels of electron transport chain (ETC) genes when compared
to controls [52], suggesting that this might be the case. Data from FDG-PET studies also support
the concept of focal brain hypometabolism in sAD, with areas such as the medial temporal lobes,
precuneus and lateral parietal lobes all preferentially affected [53].

We did not see a significant correlation between mitochondrial function or glycolysis and brain
structural imaging markers of sAD. This may be explained by the fact that multiple factors can affect
grey matter volume such as age, levels of education and brain reserve. It has been previously shown
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that smaller grey matter volumes in the frontal lobes associated with ageing are associated with worse
performance on frontal lobe cognitive tests [54]. The neuropsychological assessment performed in this
study mainly focused on temporal lobe cognitive functioning and not frontal lobe function. Potentially,
the effect of brain ageing on grey matter volumes may mask any effect metabolic function may have.

The limitations of our study include a small sample size, and the fact that we have used fibroblasts
to measure metabolic function. It could also be argued that a correlation between metabolic function of
central nervous system cells and neuropsychological parameters would be more meaningful. This is
not the first study, however, to show that the metabolism of peripheral cells outside the nervous
system is affected in sAD. White blood cells [55], platelets [56] and fibroblasts have been shown to have
metabolic abnormalities in multiple studies [46,47,57,58]. Identifying that fibroblast mitochondrial
abnormalities correlate with neuropsychological markers of AD opens up avenues to use fibroblast
metabolic parameters as biomarkers of sAD, and also as a high throughput drug screening model, as
well as potential outcome measures of therapeutic efficacy. Replication of the findings of this study
in larger cohorts and by other groups is needed, however, to consolidate the evidence that fibroblast
metabolic function is a reliable biomarker of sAD.

Our patient cohort were selected at an early stage of sAD to try and reduce group variability.
To understand the use of fibroblast metabolic abnormalities as a biomarker, further work investigating
cohorts of patients with amnestic mild cognitive impairment (MCI), the prodromal stage of sAD,
would be advantageous as well as investigating these parameters in more advanced sAD patients.

Future work could extend the findings of metabolic-neuropsychological correlations by creating
neuronal lineage cells via cellular reprogramming methods such as that described by Takahashi et al. [59].
This type of model would allow for direct comparison between human nervous system cells and
human nervous system function in a context where reprogrammed cells would maintain their ageing
phenotype [60].

4. Methods

4.1. Patient Details

Skin biopsies and fibroblast metabolic assessments were performed as part of the MODEL-AD
research study (Yorkshire and Humber Research and Ethics Committee number: 16/YH/0155). Due
to the initial success of fibroblast metabolic assessment, the initial cohort of four controls and four
patients (previously reported in [29]) with sAD was expanded to ten healthy controls (mean age:
65.77 years, SD 14.70 years) and 10 patients with sAD (mean age: 61.33 years, SD 7.19 years).
All patients had been involved in the EU-funded Framework Programme 7 Virtual Physiological
Human: Dementia Research Enabled by IT (VPH-DARE@IT) initiative (http://www.vph-dare.eu/).
A diagnosis of sAD was made based on clinical criteria [11]. Ethical approval for the neuropsychological
and neuroimaging measures collected was gained from Yorkshire and Humber Regional Ethics
Committee, Reference number: 12/YH/0474. Informed written consent was obtained from each
participant. Investigations were carried out following the rules of the Declaration of Helsinki of 1975
(https://www.wma.net/what-we-do/medical-ethics/declaration-of-helsinki/), revised in 2013.

4.2. Neuropsychological Testing

A battery of tests was devised to detect impaired performance in the cognitive domains most
susceptible to sAD neurodegeneration. This included tests of short- and long-term memory, attention
and executive functioning, language and semantics, and visuoconstructive skills. A detailed description
of each task is provided elsewhere [61]. Most tests were exclusively used as part of the clinical assessment
of patients and controls. Three tests were also included as part of the experimental protocol. Immediate
and delayed recall on the Logical Memory test were used as measures of episodic memory, the
cognitive domain centrally defined by diagnostic criteria for a diagnosis of sAD. The performance on
the Category Fluency test was used as an index of semantic memory, the cognitive domain affected by
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the accumulation of neurofibrillary pathology in the transentorhinal cortex [50]. Finally, the Letter
Fluency test (phonemic fluency) was used as a methodological control, since performance on this task
is often within normal age limits in patients with mild sAD [33,62].

4.3. MRI Acquisition and Processing

An MRI protocol of anatomical scans was acquired on a Philips Ingenia 3 T scanner. Several
acquisitions (including T1-weighted, T2-weighted, FLAIR and diffusion-weighted sequences) were
used for diagnostic purposes. Three-dimensional T1-weighted images (voxel size: 0.94 mm ×
0.94 mm × 1.00 mm; repetition time: 8.2 s; echo delay time: 3.8 s; field of view: 256 mm; matrix
size: 256 × 256 × 170) were also used for the calculation of hippocampal volumes. These were
processed with the Similarity and Truth Estimation for Propagated Segmentations routine [63].
This procedure, available at niftyweb.cs.ucl.ac.uk, allows automated segmentation of the left and
right hippocampus in the brain’s native space using multiple reference templates. Hippocampal
volumes were then quantified using Matlab (version R2014a) and the “get totals” script (http:
//www0.cs.ucl.ac.uk/staff/G.Ridgway/vbm/get_totals.m). Fractional measures were also obtained
dividing hippocampal volumes by the volume of the total intracranial space. The left hippocampal
volume and left hippocampal ratio were chosen as structural markers of AD as evidence suggests the
left hippocampus is affected early in the progression of the disease [64]. Native space maps created to
extract hippocampal volume from MRI images are shown in Supplementary Figure S1. Additional
regions of interest (listed in Table 2) were then defined as binary image masks. Segmented grey matter
maps were registered to the Montreal Neurological Institute space, and mask-constrained volumes
were extracted.

4.4. Tissue Culture

Fibroblasts were cultured as described previously [29]. In brief, all 10 control and all 10 sAD
lines were cultured in EMEM-based media (Corning) incubated at 37 ◦C in a 5% carbon dioxide
atmosphere. Sodium pyruvate (1%) (Sigma Aldrich), non-essential amino acids (1%) (Lonza), penicillin
and streptomycin (1%) (Sigma Aldrich), multi-vitamins (1%) (Lonza), Fetal Bovine Serum (10%)
(Biosera) and 50μg/mL uridine (Sigma Aldrich) were added to the media. All experiments described
were performed on all 20 cell lines. Fibroblasts were plated at a density of 5000 cells per well in a white
96 well plate for ATP assays. For MMP assays fibroblasts were plated at a density of 2500 cells per
well in a black 96 well plate. Each assay was performed on three separate passages of fibroblasts; cells
between passages 5–10 were used. All experiments were performed on passage-matched cells.

4.5. Intracellular ATP levels

Cellular adenosine triphosphate (ATP) levels were measured using the ATPlite kit (Perkin Elmer) as
described previously [65]. ATP levels were corrected for cell number by using CyQuant (ThermoFisher)
measurements, as previously described [29]. These values were then normalised to control levels.

4.6. Mitochondrial Membrane Potential

MMP was measured using tetramethlyrhodamine (TMRM) staining of live fibroblasts,
as previously described [29]. Cells were plated in a black 96 well plate, incubated at 37 ◦C for
48 h. TMRM dye was added one hour prior to imaging on an InCell Analyzer 2000 high-content imager
(GE Healthcare).

4.7. Extracellular Lactate Measurement

Extracellular lactate was measured from confluent flasks of fibroblasts using an L-Lactate assay
kit (Abcam ab65331). The assay was performed according to the manufacturer’s instructions.
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4.8. Metabolic Flux Assay

4.8.1. Mito Stress Test

Oxygen consumption rates (OCR) were measured using a 24-well Agilent Seahorse XF analyzer
as described previously [29]. In brief, cells were plated at a density of 65,000 cells per well 48 h prior to
measurement. Three measurements were taken at the basal point: after the addition of oligomycin
(0.5 μM), after the addition of carbonyl cyanide-4-(trifluoromethoxy)phenylhydrazone (FCCP) (0.5 μM)
and after the addition of rotenone (1 μM). OCR measurements were normalised to cell count as
described in [29]. Measurements of basal mitochondrial respiration, maximal mitochondrial respiration
and MSRC were also calculated.

4.8.2. Glycolysis Stress Test

Cells were plated in a Seahorse XF24 Cell Culture Microplate (Agilent) at a density of 65,000
cells per well 48 h prior to measurement. The glycolysis stress test standard protocol was used [66].
This is a completely separate assay to the mitochondrial stress test, and allows for the thorough
interrogation of glycolysis via the addition of supplements and inhibitors of the glycolytic pathway.
Three measurements were taken at the basal point: after the addition of glucose (10 μM), after the
addition of oligomycin (1.0 μM) and after the addition of 2-deoxyglucose (50 μM). The glycolysis stress
test can measure several aspects of cellular glycolysis. These include the basal glycolytic rate of the
cell, the maximum level of glycolysis the cell can achieve and the glycolytic reserve which refers to the
difference between maximum level of glycolysis and the basal level of glycolysis. The different aspects
of glycolysis are calculated by measuring the extracellular acidification rate (ECAR). ECAR rates were
normalised to cell count as described above.

4.9. Statistical Analysis

For comparing each neuropsychological, neuroimaging and metabolic functional markers,
a Student’s t-test was used, comparing the means of the control group for each parameter to the disease
group. Statistics were calculated using GraphPad Prism Software (V7.02). Analyses of covariance
were also used for group comparisons including confounding variables. For covariate analysis when
comparing control and disease group grey matter volumes, or when correlating neuropsychological and
neuroimaging sAD markers with fibroblast functional markers, the IBM SPSS Statistics suite (Version
26; https://www.ibm.com/uk-en/products/spss-statistics) was used as this function was not available in
the GraphPad Prism Software. Significance levels were adjusted to account for multiple comparisons.

5. Conclusions

These data highlight how in-depth analysis of mitochondrial and glycolytic function in sAD
fibroblasts identifies metabolic abnormalities that parallel changes seen in neuropsychological features
distinctive of the early stages of sporadic Alzheimer’s disease. This model system could be used
to develop biomarkers useful in early detection as well as in the development of novel therapeutic
approaches for sAD.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-4426/10/2/32/s1,
Figure S1: Quantification of hippocampal volumes from T1-weighted MRI scans.

Author Contributions: Conceptualization, S.M.B., D.J.B., H.M., L.F., A.V., M.D.M. and P.J.S.; Methodology, S.M.B.,
M.D.M., K.B., H.M. and A.V.; Software, S.M.B., and M.D.M.; Validation, S.M.B., D.J.B., K.B., H.M., L.F., A.V.,
M.D.M. and P.J.S.; Formal Analysis, S.M.B., D.J.B., K.B., H.M., L.F., A.V., M.D.M. and P.J.S.; Investigation, S.M.B.,
M.D.M., and K.B.; Resources, S.M.B., D.J.B., K.B., H.M., L.F., A.V., M.D.M. and P.J.S.; Data Curation, S.M.B.,
D.J.B., K.B., H.M., L.F., A.V., M.D.M. and P.J.S.; Writing—Original Draft Preparation, S.M.B.; Writing—Review
and Editing, S.M.B., D.J.B., K.B., H.M., L.F., A.V., M.D.M. and P.J.S.; Visualization, S.M.B., D.J.B., K.B., H.M., L.F.,
A.V., M.D.M. and P.J.S.; Supervision, H.M., P.J.S., A.V., L.F. and D.J.B.; Project Administration, S.M.B.; Funding
Acquisition, S.M.B., D.J.B., K.B., H.M., L.F., A.V. and P.J.S. All authors have read and agreed to the published
version of the manuscript.

320



J. Pers. Med. 2020, 10, 32

Funding: This research was funded by Wellcome 4ward north (216340/Z/19/Z), ARUK Yorkshire Network
Centre Small Grant Scheme (Ref: ARUK-PCRF2016A-1), Parkinson’s UK (F1301), European Union Seventh
Framework Programme (FP7/2007 – 2013) under grant agreement no. 601055, NIHR Sheffield Biomedical Research
Centre award.

Acknowledgments: We would like to thank all research participants involved in this study. This research was
supported by the Wellcome 4ward North Academy and ARUK Yorkshire Network Centre Small Grant Scheme (to
SMB), Parkinson’s UK (to HM, F1301) and the NIHR Sheffield Biomedical Research Centre. This is a summary of
independent research carried out at the NIHR Sheffield Biomedical Research Centre (Translational Neuroscience).
The views expressed are those of the author(s) and not necessarily those of the NHS, the NIHR or the Department of
Health and Social Care (DHSC). Support of the European Union Seventh Framework Programme (FP7/2007–2013)
under grant agreement no. 601055, VPH-DARE@IT to AV is acknowledged. PJS is supported by an NIHR
Senior Investigator award. The support of the NIHR Clinical Research Facility—Sheffield Teaching Hospital is
also acknowledged.

Conflicts of Interest: The authors have no financial or personal relationships with other people/organizations
that could inappropriately influence (bias) their work.

References

1. Wimo, A.; Guerchet, M.; Ali, G.-C.; Wu, Y.-T.; Prina, A.M.; Winblad, B.; Jönsson, L.; Liu, Z.; Prince, M.
The worldwide costs of dementia 2015 and comparisons with 2010. Alzheimer’s Dement. 2017, 13, 1–7.
[CrossRef]

2. Scheltens, P.; Blennow, K.; Breteler, M.M.B.; de Strooper, B.; Frisoni, G.B.; Salloway, S.; Van der Flier, W.M.
Alzheimer’s disease. Lancet 2016, 388, 505–517. [CrossRef]

3. Brookmeyer, R.; Corrada, M.M.; Curriero, F.C.; Kawas, C. Survival following a diagnosis of Alzheimer
disease. Arch. Neurol. 2002, 59, 1764–1767. [CrossRef]

4. Perl, D.P. Neuropathology of Alzheimer’s Disease. Mt. Sinai J. Med. 2010, 77, 32–42. [CrossRef] [PubMed]
5. Hardy, J.; Selkoe, D.J. The Amyloid Hypothesis of Alzheimer’s Disease: Progress and Problems on the Road

to Therapeutics. Science 2002, 297, 353. [CrossRef] [PubMed]
6. Honig, L.S.; Vellas, B.; Woodward, M.; Boada, M.; Bullock, R.; Borrie, M.; Hager, K.; Andreasen, N.; Scarpini, E.;

Liu-Seifert, H.; et al. Trial of Solanezumab for Mild Dementia Due to Alzheimer’s Disease. N. Engl. J. Med.
2018, 378, 321–330. [CrossRef] [PubMed]

7. Cummings, J.L.; Morstorf, T.; Zhong, K. Alzheimer’s disease drug-development pipeline: Few candidates,
frequent failures. Alzheimers Res. Ther. 2014, 6, 37. [CrossRef]

8. ALZFORUM. Topline Result for First DIAN-TU Clinical Trial: Negative on Primary. Available
online: https://www.alzforum.org/news/research-news/topline-result-first-dian-tu-clinical-trial-negative-
primary (accessed on 29 March 2020).

9. Savva, G.M.; Wharton, S.B.; Ince, P.G.; Forster, G.; Matthews, F.E.; Brayne, C. Age, neuropathology, and
dementia. N. Engl. J. Med. 2009, 360, 2302–2309. [CrossRef]

10. Le Couteur, D.G.; Hunter, S.; Brayne, C. Solanezumab and the amyloid hypothesis for Alzheimer’s disease.
BMJ 2016, 355, i6771. [CrossRef]

11. McKhann, G.M.; Knopman, D.S.; Chertkow, H.; Hyman, B.T.; Jack, C.R., Jr.; Kawas, C.H.; Klunk, W.E.;
Koroshetz, W.J.; Manly, J.J.; Mayeux, R.; 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. Alzheimers Dement. J. Alzheimers Assoc. 2011, 7, 263–269. [CrossRef]

12. Braak, H.; Braak, E. Neuropathological stageing of Alzheimer-related changes. Acta Neuropathol. 1991, 82,
239–259. [CrossRef] [PubMed]

13. Haroutunian, V.; Schnaider-Beeri, M.; Schmeidler, J.; Wysocki, M.; Purohit, D.P.; Perl, D.P.; Libow, L.S.;
Lesser, G.T.; Maroukian, M.; Grossman, H.T. Role of the neuropathology of Alzheimer disease in dementia in
the oldest-old. Arch. Neurol. 2008, 65, 1211–1217. [CrossRef] [PubMed]

14. Weintraub, S.; Wicklund, A.H.; Salmon, D.P. The neuropsychological profile of Alzheimer disease. Cold
Spring Harb. Perspect. Med. 2012, 2, a006171. [CrossRef] [PubMed]

15. Magistretti, P.J.; Allaman, I. A Cellular Perspective on Brain Energy Metabolism and Functional Imaging.
Neuron 2015, 86, 883–901. [CrossRef]

321



J. Pers. Med. 2020, 10, 32

16. Ewers, M.; Brendel, M.; Rizk-Jackson, A.; Rominger, A.; Bartenstein, P.; Schuff, N.; Weiner, M.W. Alzheimer’s
Disease Neuroimaging I Reduced FDG-PET brain metabolism and executive function predict clinical
progression in elderly healthy subjects. NeuroImage. Clin. 2013, 4, 45–52. [CrossRef]

17. Kalpouzos, G.; Eustache, F.; de la Sayette, V.; Viader, F.; Chételat, G.; Desgranges, B. Working memory and
FDG–PET dissociate early and late onset Alzheimer disease patients. J. Neurol. 2005, 252, 548–558. [CrossRef]

18. Ishii, K.; Sasaki, M.; Yamaji, S.; Sakamoto, S.; Kitagaki, H.; Mori, E. Demonstration of decreased posterior
cingulate perfusion in mild Alzheimer’s disease by means of H215O positron emission tomography. Eur. J.
Nucl. Med. 1997, 24, 670–673.

19. Morgen, K.; Frolich, L. The metabolism hypothesis of Alzheimer’s disease: From the concept of central
insulin resistance and associated consequences to insulin therapy. J. Neural Transm. 2015, 122, 499–504.
[CrossRef]

20. Yao, J.; Irwin, R.W.; Zhao, L.; Nilsen, J.; Hamilton, R.T.; Brinton, R.D. Mitochondrial bioenergetic deficit
precedes Alzheimer’s pathology in female mouse model of Alzheimer’s disease. Proc. Natl. Acad. Sci. USA
2009, 106, 14670. [CrossRef]

21. Blass, J.P.; Sheu, R.K.; Gibson, G.E. Inherent abnormalities in energy metabolism in Alzheimer disease.
Interaction with cerebrovascular compromise. Ann. N. Y. Acad. Sci. 2000, 903, 204–221. [CrossRef]

22. Baik, S.H.; Kang, S.; Lee, W.; Choi, H.; Chung, S.; Kim, J.I.; Mook-Jung, I. A Breakdown in Metabolic
Reprogramming Causes Microglia Dysfunction in Alzheimer’s Disease. Cell Metab. 2019, 30, 493–507.e496.
[CrossRef] [PubMed]

23. Swerdlow, R.H.; Khan, S.M. A “mitochondrial cascade hypothesis” for sporadic Alzheimer’s disease. Med.
Hypotheses 2004, 63, 8–20. [CrossRef]

24. Hartl, D.; Schuldt, V.; Forler, S.; Zabel, C.; Klose, J.; Rohe, M. Presymptomatic Alterations in Energy
Metabolism and Oxidative Stress in the APP23 Mouse Model of Alzheimer Disease. J. Proteome Res. 2012, 11,
3295–3304. [CrossRef]

25. Gan, X.Q.; Huang, S.B.; Wu, L.; Wang, Y.F.; Hu, G.; Li, G.Y.; Zhang, H.J.; Yu, H.Y.; Swerdlow, R.H.; Chen, J.X.;
et al. Inhibition of ERK-DLP1 signaling and mitochondrial division alleviates mitochondrial dysfunction
in Alzheimer’s disease cybrid cell. Biochim. Biophys. Acta Mol. Basis Dis. 2014, 1842, 220–231. [CrossRef]
[PubMed]

26. Mosconi, L.; Tsui, W.H.; De Santi, S.; Li, J.; Rusinek, H.; Convit, A.; Li, Y.; Boppana, M.; de Leon, M.J.
Reduced hippocampal metabolism in MCI and AD: Automated FDG-PET image analysis. Neurology 2005,
64, 1860–1867. [CrossRef] [PubMed]

27. Vlassenko, A.G.; Vaishnavi, S.N.; Couture, L.; Sacco, D.; Shannon, B.J.; Mach, R.H.; Morris, J.C.; Raichle, M.E.;
Mintun, M.A. Spatial correlation between brain aerobic glycolysis and amyloid-beta (Abeta) deposition.
Proc. Natl. Acad. Sci. USA 2010, 107, 17763–17767. [CrossRef]

28. Vlassenko, A.G.; Gordon, B.A.; Goyal, M.S.; Su, Y.; Blazey, T.M.; Durbin, T.J.; Couture, L.E.; Christensen, J.J.;
Jafri, H.; Morris, J.C.; et al. Aerobic glycolysis and tau deposition in preclinical Alzheimer’s disease. Neurobiol.
Aging 2018, 67, 95–98. [CrossRef]

29. Bell, S.M.; Barnes, K.; Clemmens, H.; Al-Rafiah, A.R.; Al-Ofi, E.A.; Leech, V.; Bandmann, O.; Shaw, P.J.;
Blackburn, D.J.; Ferraiuolo, L.; et al. Ursodeoxycholic Acid Improves Mitochondrial Function and
Redistributes Drp1 in Fibroblasts from Patients with Either Sporadic or Familial Alzheimer’s Disease.
J. Mol. Biol. 2018, 430, 3942–3953. [CrossRef]

30. Pickart, L.; Vasquez-Soltero, J.M.; Margolina, A. The Effect of the Human Peptide GHK on Gene Expression
Relevant to Nervous System Function and Cognitive Decline. Brain Sci. 2017, 7, 20. [CrossRef]

31. Desler, C.; Hansen, T.L.; Frederiksen, J.B.; Marcker, M.L.; Singh, K.K.; Juel Rasmussen, L. Is There a Link
between Mitochondrial Reserve Respiratory Capacity and Aging? J. Aging Res. 2012, 2012, 192503. [CrossRef]

32. Martino Adami, P.V.; Quijano, C.; Magnani, N.; Galeano, P.; Evelson, P.; Cassina, A.; Do Carmo, S.; Leal, M.C.;
Castaño, E.M.; Cuello, A.C.; et al. Synaptosomal bioenergetic defects are associated with cognitive impairment
in a transgenic rat model of early Alzheimer’s disease. Off. J. Int. Soc. Cereb. Blood Flow Metab. 2017, 37,
69–84. [CrossRef] [PubMed]

33. Capitani, E.; Rosci, C.; Saetti, M.C.; Laiacona, M. Mirror asymmetry of Category and Letter fluency in
traumatic brain injury and Alzheimer’s patients. Neuropsychologia 2009, 47, 423–429. [CrossRef] [PubMed]

34. Folstein, M.F.; Folstein, S.E.; McHugh, P.R. “Mini-mental state”. A practical method for grading the cognitive
state of patients for the clinician. J. Psychiatr. Res. 1975, 12, 189–198. [CrossRef]

322



J. Pers. Med. 2020, 10, 32

35. Doody, R.S.; Massman, P.; Dunn, J.K. A method for estimating progression rates in Alzheimer disease. Arch.
Neurol. 2001, 58, 449–454. [CrossRef] [PubMed]

36. Scahill, R.I.; Schott, J.M.; Stevens, J.M.; Rossor, M.N.; Fox, N.C. Mapping the evolution of regional atrophy in
Alzheimer’s disease: Unbiased analysis of fluid-registered serial MRI. Proc. Natl. Acad. Sci. USA 2002, 99,
4703–4707. [CrossRef] [PubMed]

37. Boller, B.; Mellah, S.; Ducharme-Laliberte, G.; Belleville, S. Relationships between years of education, regional
grey matter volumes, and working memory-related brain activity in healthy older adults. Brain Imaging
Behav. 2017, 11, 304–317. [CrossRef]

38. Rzezak, P.; Squarzoni, P.; Duran, F.L.; de Toledo Ferraz Alves, T.; Tamashiro-Duran, J.; Bottino, C.M.; Ribeiz, S.;
Lotufo, P.A.; Menezes, P.R.; Scazufca, M.; et al. Relationship between Brain Age-Related Reduction in Gray
Matter and Educational Attainment. PLoS ONE 2015, 10, e0140945. [CrossRef]

39. Harada, C.N.; Natelson Love, M.C.; Triebel, K.L. Normal cognitive aging. Clin. Geriatr. Med. 2013, 29,
737–752. [CrossRef]

40. Stern, Y. Cognitive reserve: Implications for assessment and intervention. Folia Phoniatr. Logop. Off. Organ.
Int. Assoc. Logop. Phoniatr. IALP 2013, 65, 49–54. [CrossRef]

41. Schniertshauer, D.; Gebhard, D.; Bergemann, J. Age-Dependent Loss of Mitochondrial Function in Epithelial
Tissue Can Be Reversed by Coenzyme Q10. J. Aging Res. 2018, 2018, 6354680. [CrossRef] [PubMed]

42. Sriskanthadevan, S.; Jeyaraju, D.V.; Chung, T.E.; Prabha, S.; Xu, W.; Skrtic, M.; Jhas, B.; Hurren, R.; Gronda, M.;
Wang, X.; et al. AML cells have low spare reserve capacity in their respiratory chain that renders them
susceptible to oxidative metabolic stress. Blood 2015, 125, 2120–2130. [CrossRef] [PubMed]

43. Yadava, N.; Nicholls, D.G. Spare Respiratory Capacity Rather Than Oxidative Stress Regulates Glutamate
Excitotoxicity after Partial Respiratory Inhibition of Mitochondrial Complex I with Rotenone. J. Neurosci.
2007, 27, 7310–7317. [CrossRef] [PubMed]

44. Mortiboys, H.; Johansen, K.K.; Aasly, J.O.; Bandmann, O. Mitochondrial impairment in patients with
Parkinson disease with the G2019S mutation in LRRK2. Neurology 2010, 75, 2017–2020. [CrossRef] [PubMed]

45. Tan, W.; Pasinelli, P.; Trotti, D. Role of mitochondria in mutant SOD1 linked amyotrophic lateral sclerosis.
Biochim. Biophys. Acta 2014, 1842, 1295–1301. [CrossRef]

46. Carling, P.J.; Mortiboys, H.; Green, C.; Mihaylov, S.; Sandor, C.; Schwartzentruber, A.; Taylor, R.; Wei, W.;
Hastings, C.; Wong, S.; et al. Deep phenotyping of peripheral tissue facilitates mechanistic disease
stratification in sporadic Parkinson’s disease. Prog. Neurobiol. 2020, 187, 101772. [CrossRef]

47. Milanese, C.; Payán-Gómez, C.; Galvani, M.; Molano González, N.; Tresini, M.; Nait Abdellah, S.; van
Roon-Mom, W.M.; Figini, S.; Marinus, J.; van Hilten, J.J.; et al. Peripheral mitochondrial function correlates
with clinical severity in idiopathic Parkinson’s disease. Mov. Disord. 2019, 34, 1192–1202. [CrossRef]
[PubMed]

48. Gottlieb, E.; Armour, S.M.; Harris, M.H.; Thompson, C.B. Mitochondrial membrane potential regulates matrix
configuration and cytochrome c release during apoptosis. Cell Death Differ. 2003, 10, 709–717. [CrossRef]

49. Grogan, A.; Green, D.W.; Ali, N.; Crinion, J.T.; Price, C.J. Structural correlates of semantic and phonemic
fluency ability in first and second languages. Cereb. Cortex 2009, 19, 2690–2698. [CrossRef]

50. Venneri, A.; Jahn-Carta, C.; De Marco, M.; Quaranta, D.; Marra, C. Diagnostic and prognostic role of semantic
processing in preclinical Alzheimer’s disease. Biomark. Med. 2018, 12, 637–651. [CrossRef]

51. Baldo, J.V.; Schwartz, S.; Wilkins, D.; Dronkers, N.F. Role of frontal versus temporal cortex in verbal fluency
as revealed by voxel-based lesion symptom mapping. J. Int. Neuropsychol. Soc. 2006, 12, 896–900. [CrossRef]

52. Liang, W.S.; Reiman, E.M.; Valla, J.; Dunckley, T.; Beach, T.G.; Grover, A.; Niedzielko, T.L.; Schneider, L.E.;
Mastroeni, D.; Caselli, R.; et al. Alzheimer’s disease is associated with reduced expression of energy
metabolism genes in posterior cingulate neurons. Proc. Natl. Acad. Sci. USA 2008, 105, 4441–4446. [CrossRef]
[PubMed]

53. Mosconi, L. Brain glucose metabolism in the early and specific diagnosis of Alzheimer’s disease. FDG-PET
studies in MCI and AD. Eur. J. Nucl. Med. Mol. Imaging 2005, 32, 486–510. [CrossRef] [PubMed]

54. Ramanoël, S.; Hoyau, E.; Kauffmann, L.; Renard, F.; Pichat, C.; Boudiaf, N.; Krainik, A.; Jaillard, A.; Baciu, M.
Gray Matter Volume and Cognitive Performance During Normal Aging. A Voxel-Based Morphometry Study.
Front. Aging Neurosci. 2018, 10, 235. [CrossRef] [PubMed]

323



J. Pers. Med. 2020, 10, 32

55. Maynard, S.; Hejl, A.M.; Dinh, T.S.T.; Keijzers, G.; Hansen, Å.M.; Desler, C.; Moreno-Villanueva, M.; Bürkle, A.;
Rasmussen, L.J.; Waldemar, G.; et al. Defective mitochondrial respiration, altered dNTP pools and reduced
AP endonuclease 1 activity in peripheral blood mononuclear cells of Alzheimer’s disease patients. Aging
2015, 7, 793. [CrossRef]

56. Fisar, Z.; Hroudová, J.; Hansíková, H.; Lelková, P.; Wenchich, L.; Jirák, R.; Zeman, J.; Martásek, P.; Raboch, J.
Mitochondrial Respiration in the Platelets of Patients with Alzheimer’s Disease. Curr. Alzheimer Res. 2016,
13, 930–941. [CrossRef]

57. Martin-Maestro, P.; Gargini, R.; Garcia, E.; Perry, G.; Avila, J. Slower Dynamics and Aged Mitochondria in
Sporadic Alzheimer’s Disease. Oxid. Med. Cell. Longev. 2017, 2017, 9302761. [CrossRef]

58. Sonntag, K.C.; Ryu, W.I.; Amirault, K.M.; Healy, R.A.; Siegel, A.J.; McPhie, D.L.; Forester, B.; Cohen, B.M.
Late-onset Alzheimer’s disease is associated with inherent changes in bioenergetics profiles. Sci. Rep. 2017,
7, 14038. [CrossRef]

59. Takahashi, K.; Yamanaka, S. Induction of pluripotent stem cells from mouse embryonic and adult fibroblast
cultures by defined factors. Cell 2006, 126, 663–676. [CrossRef]

60. Mertens, J.; Paquola, A.C.; Ku, M.; Hatch, E.; Böhnke, L.; Ladjevardi, S.; McGrath, S.; Campbell, B.; Lee, H.;
Herdy, J.R.; et al. Directly Reprogrammed Human Neurons Retain Aging-Associated Transcriptomic
Signatures and Reveal Age-Related Nucleocytoplasmic Defects. Cell Stem Cell 2015, 17, 705–718. [CrossRef]

61. Wakefield, S.J.; McGeown, W.J.; Shanks, M.F.; Venneri, A. Differentiating normal from pathological brain
ageing using standard neuropsychological tests. Curr. Alzheimer Res. 2014, 11, 765–772. [CrossRef]

62. De Marco, M.; Duzzi, D.; Meneghello, F.; Venneri, A. Cognitive Efficiency in Alzheimer’s Disease is Associated
with Increased Occipital Connectivity. J. Alzheimers Dis. 2017, 57, 541–556. [CrossRef] [PubMed]

63. Cardoso, M.J.; Leung, K.; Modat, M.; Keihaninejad, S.; Cash, D.; Barnes, J.; Fox, N.C.; Ourselin, S.
STEPS: Similarity and Truth Estimation for Propagated Segmentations and its application to hippocampal
segmentation and brain parcelation. Med. Image Anal. 2013, 17, 671–684. [CrossRef] [PubMed]

64. Vijayakumar, A.; Vijayakumar, A. Comparison of hippocampal volume in dementia subtypes. ISRN Radiol.
2013, 2013, 174524. [CrossRef] [PubMed]

65. Mortiboys, H.; Thomas, K.J.; Koopman, W.J.; Klaffke, S.; Abou-Sleiman, P.; Olpin, S.; Wood, N.W.;
Willems, P.H.; Smeitink, J.A.; Cookson, M.R. Mitochondrial function and morphology are impaired in
parkin-mutant fibroblasts. Ann. Neurol. 2008, 64, 555–565. [CrossRef] [PubMed]

66. Agilent Technologies, Agilent Seahorse XF Glycolysis Stress Test Kit. Available online: https://www.
agilent.com/cs/library/usermanuals/public/XF_Glycolysis_Stress_Test_Kit_User_Guide.pdf (accessed on
29 March 2020).

© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

324



Journal of

Personalized 

Medicine

Article

The Brain Metabolic Correlates of the Main
Indices of Neuropsychological Assessment
in Alzheimer’s Disease †

Agostino Chiaravalloti 1,2, Maria Ricci 1,*, Daniele Di Biagio 3, Luca Filippi 4,

Alessandro Martorana 5,6 and Orazio Schillaci 1,2

1 Department of Biomedicine and Prevention, University Tor Vergata, 00133 Rome, Italy;
agostino.chiaravalloti@uniroma2.it (A.C.); orazio.schillaci@uniroma2.it (O.S.)

2 IRCCS Neuromed, 86077 Pozzilli, Italy
3 UOC Nuclear Medicine, Policlinico Tor Vergata, 00133 Rome, Italy; danieledibiagio@gmail.com
4 UOC Nuclear Medicine, Santa Maria Goretti Hospital, 04100 Latina, Italy; lucfil@hotmail.com
5 UOSD Centro Demenze Policlinico Tor Vergata, 00133 Rome, Italy; martorana@med.uniroma2.it
6 Department of System Medicine, University Tor Vergata, 00133 Rome, Italy
* Correspondence: maria.ricci28@gmail.com
† This paper is a revised version of our paper published as conference paper in the 29th European Association

of Nuclear Medicine congress.

Received: 11 March 2020; Accepted: 15 April 2020; Published: 18 April 2020

Abstract: Background: The study aimed to investigate the relationships between F-18 fluorodeoxyglucose
(18F)FDG uptake and neuropsychological assessment in Alzheimer’s disease (AD). Methods: We evaluated
116 subjects with AD according to the NINCDS-ADRDA criteria. All the subjects underwent a brain
PET/CT with (18F)FDG, cerebrospinal fluid (CSF) assay, mini-mental state examination (MMSE) and
further neuropsychological tests: Rey auditory verbal learning test, immediate recall (RAVLT immediate);
Rey auditory verbal learning test, delayed recall (RAVLT, delayed); Rey complex figure test, copy (RCFT,
copy); Rey complex figure test, delayed recall (RCFT, delayed); Raven’s colored progressive matrices
(RCPM); phonological word fluency test (PWF) and Stroop test. We performed the statistical analysis by
using statistical parametric mapping (SPM12; Wellcome Department of Cognitive Neurology, London, UK).
Results: A significant relationship has been reported between (18F)FDG uptake and RAVLT immediate
test in Brodmann area (BA)37 and BA22 and with RCFT, copy in BA40, and BA7. We did not find any
significant relationships with other tests. Conclusion: In the AD population, brain (18F)FDG uptake is
moderately related to the neuropsychological assessment, suggesting a limited impact on statistical data
analysis of glucose brain metabolism.

Keywords: Alzheimer’s disease; PET/CT; (18F)FDG; neuropsychological assessment

1. Introduction

Subjective memory deficit, together with evidence of memory decline and cognitive impairment
during the past months or few years, are key features for Alzheimer’s disease (AD) already at the
prodromal (or mild cognitive impairment; MCI) stage [1]. Although cognitive tests are frequently used
as outcome measures in clinical trials, there are a number of limitations associated with their use [2].

Neurodegenerative AD-related changes are known to accumulate progressively 15 to 20 years before
dementia, and even years before the detection of clinical deficits [3]. Cognitive decline in AD, generally
assessed by neuropsychological battery [4], is postulated as consequential from neurological pathology
as portrayed by biomarkers [5], but the specificity of these associations is still a matter of debate [6].
Particularly, the correspondence between the neuropsychological assessment and standard neuroimaging
biomarkers remains incomplete, and the relationship between neuropsychological performance and
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individual variation in clinical AD neuroimaging markers is likely to be both convergent and unique [5,7].
Although it is tempting to presume neurological substrates causing poor performance at a common
neuropsychological assessment, the substrates underlying the cognitive process may be reorganized
in the diseased brain of patients with MCI, possibly due to neurodegenerative changes or functional
compensation. It is important to understand how these biomarkers, interact to influence cognitive change
to isolate the combination of pathologies that contribute most to decline, in order to inform the clinical
utility and validation of cognitive tests [5] and the neuroimaging correlates to test performance.

In particular, data concerning the relationship between glucose metabolism and common
neuropsychological assessment are poor, even if the results of the neuropsychological tests may
be considered as statistical parameters in research papers that include brain data analysis, by using
computer-aided metrics such as statistical parametric mapping (SPM) [8,9].

The present study aimed to evaluate the brain metabolic correlates of the main indices of
neuropsychological assessment by studying their relationships to cortical and subcortical F-18
fluorodeoxyglucose (18F)FDG uptake in a cohort of subjects with AD. Moreover, this paper aimed
to evaluate the impact of neuropsychological assessment as parameters in SPM brain data analysis.
For this purpose, all the subjects underwent a brain PET/CT scan using (18F)FDG, a complete
neuropsychological assessment that included mini-mental state examination (MMSE). Moreover,
the following indices of neuropsychological assessment were determined in the AD population: Rey
auditory verbal learning test, immediate recall (RAVLT immediate); Rey auditory verbal learning
test, delayed recall (RAVLT, delayed); Rey complex figure test, copy (RCFT, copy); Rey complex
figure test, delayed recall (RCFT, delayed); Raven colored progressive matrices (RCPM); phonological
word fluency test (PWF) and Stroop test. A cerebrospinal fluid (CSF) assay for amyloid, total tau,
and phosphorylated tau was performed in all patients.

An initial version of this paper was presented as a conference paper at the 29th European
Association of Nuclear Medicine Congress.

2. Materials and Methods

We evaluated 116 subjects with a new clinical diagnosis of AD (males = 66; females = 50) according
to the NINCDS-ADRDA criteria [10]. The mean age was 71.4 ± 6 years old. A complete clinical
investigation was performed in all patients, including medical history, mini-mental state examination
(MMSE), a complete blood screening (including routine exams, thyroid hormones, and level of B12).
Moreover, in all patients, a neurologist examination, neuropsychological examination, a complete
neuropsychiatric evaluation, and neuroimaging consisting of magnetic resonance imaging (1.5 T MRI)
was performed. Exclusion criteria were the following: isolated deficits and/or unmodified MMSE
(<25/30) on revisit (6, 12, and 18 months follow-up), clinically manifest acute stroke in the last 6
months (Hachinsky scale >4, and radiological evidence of subcortical lesions), as described in previous
papers [11–13]. None of the patients enrolled had pyramidal and/or extrapyramidal signs reported
at the neurological examination. At the time of enrollment, in the 30 days before participating in
this study, none of the patients had been treated with drugs that might have modulated cerebral
cortex excitability, including antidepressants, neuroactive drugs (i.e., benzodiazepines, antiepileptic
drugs or neuroleptics), or cholinesterase inhibitors. The study was performed according to the
Declaration of Helsinki and approved by the local ethics committee of the Tor Vergata University in
Rome. All participants or their legal guardians gave the written informed consent after receiving an
extensive disclosure of the study. A cognitive profile consistent with mild dementia (according to
neuropsychological evaluation, including the MMSE) has been described in all AD patients.

In order to improve the diagnostic accuracy of the AD patients, a lumbar puncture and CSF
sampling was performed in all patients. The first 12 mL of CSF was collected in a polypropylene
tube, then directly transported to the local laboratory for centrifugation at 2000× g at +4 ◦C for 10 min.
The supernatant was pipetted off, gently stirred and mixed to avoid potential gradient effects, and
aliquoted in 1 mL portions in polypropylene tubes that were stored at −80 ◦C pending biochemical
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analyses, without being thawed and re-frozen. Then, CSF total Tau (T-Tau) and phosphorylated Tau
(Thr181, p-Tau) concentration was evaluated using a sandwich ELISA (Innotest hTAU-Ag, Innogenetics,
Gent, Belgium). CSF Aβ1–42 levels were determined using a sandwich ELISA (Innotest® ß- amyloid
(1–42), Innogenetics, Gent, Belgium), specifically elaborated to measure Aβ containing both the first
and 42nd amino acid, as described in previous papers [11–15].

All the subjects underwent a brain PET/CT scan using (18F)FDG, mini-mental state examination
(MMSE). Several indices of neuropsychological assessment were explored: Rey auditory verbal learning
test, immediate recall (RAVLT immediate); Rey auditory verbal learning test, delayed recall (RAVLT,
delayed); Rey complex figure test, copy (RCFT, copy); Rey complex figure test, delayed recall (RCFT,
delayed); Raven’s colored progressive matrices (RCPM); phonological word fluency Test (PWF) and
Stroop test. The relationship between brain uptake of (18F)FDG and CSF biomarkers were analyzed
using statistical parametric mapping (SPM12; Wellcome Department of Cognitive Neurology, London,
UK) implemented in Matlab R2018a using sex, age, and CSF biomarkers as covariates.

2.1. PET/CT Scanning

The PET/CT system Discovery VCT (GE Medical Systems, Tennessee, TN, USA) has been used
to assess (18F)FDG brain distribution in all patients using a 3D-mode standard technique in a 256
× 256 matrix. Reconstruction was performed using the 3-dimensional reconstruction method of
ordered-subsets expectation maximization (OSEM) with 20 subsets and with 4 iterations. The system
combines a high-speed ultra 16-detector-row (912 detectors per row) CT unit and a PET scanner with
10,080 bismuth germanate crystals in 24 rings (axial full width at half-maximum 1 cm radius, 5.2 mm
in 3D mode, an axial field of view 157 mm). A low-amperage CT scan of the head for attenuation
correction (40 mA; 120 Kv) was performed before PET image acquisition. All subjects fasted for at least
5 h before intravenous injection of (18F)FDG ; the serum glucose level was up to 95 mg/mL in all of
them. All the subjects were injected intravenously with 185–210 MBq of (18F)FDG and hydrated with
500 mL of saline (0.9% sodium chloride). The scan started 30 min after the injection in all the subjects
according to standard guidelines, as described in previous papers [13,16,17].

2.2. Statistical Analysis

Differences in brain (18F)FDG uptake were analyzed using statistical parametric mapping
(SPM12, Wellcome Department of Cognitive Neurology, London, UK) implemented in Matlab R2018a
(Mathworks, Natick, Massachusetts, USA). PET data were subjected to affine and nonlinear spatial
normalization into the MNI space. Then, the spatially set of images was smoothed with an 8 mm isotropic
Gaussian filter to blur individual variations in gyral anatomy and to increase the signal-to-noise ratio.
Images were globally normalized using proportional scaling to remove confounding effects to global
CBF changes, with a threshold masking of 0.8. The statistical parametric maps were transformed into a
normal distribution unit. Correction of SPM coordinates to match the Talairach coordinates was achieved
by the subroutine implemented by Matthew Brett (http://www.mrc-cbu.cam.ac.uk/Imaging). Brodmann
areas (BA) were then identified at a range of 0 to 3 mm from the corrected Talairach coordinates of the
SPM output isocentres, after importing them by Talairach client (http://www.talairach.org/index.html).
A statistical height threshold was equal to or lower than p < 0.001 at both clusters, and voxel-level was
accepted as significant. We considered significant a cluster extension of more than 125 (5 × 5 × 5 voxels,
i.e., 11 × 11 × 11 mm) contiguous voxels, based on the calculation of the partial volume effect resulting
from the spatial resolution of the PET camera (about the double of full width at half maximum), as
described in previous papers of the same research group [13].The resulting SPM data was correlated
to each index of neuropsychological assessment, in order to study their relationships to cortical and
subcortical (18F)FDG uptake.
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3. Results

The values of CSF amyloid, total tau, and phosphorylated tau were respectively 363.6 ± 162, 689
± 338.1, and 92.4 ± 70.7 pg/mL. A general overview of the patient population is reported in Table 1.
Most of the cases were sporadic, but in about 15% of enrolled patients, there was a family link.

Table 1. A general overview of age, mini-mental state examination (MMSE), and Cerebral spinal fluid
(CSF) parameters in the whole population.

Whole Population (n = 116) Mean ± SD (Range)

Age (years) 71.4 ± 6 (48–82)

MMSE 20.3 ± 4.9 (9–30)

Amyloid (pg/mL) 363.6 ± 162 (70–913)

T-Tau (pg/mL) 689 ± 338.1 (173–1749)

P-Tau (pg/mL) 92.4 ± 70.7 (34–661)

Neuropsychological assessment resulted in 22.6 ± 8.6 for RAVLT, immediate; 71.4 ± 5,9 for RAVLT,
delayed; 18.2 ± 10.4 for RCFT, copy; 7.6 ± 6 for RCFT, delayed; 18.8 ± 9 (RCPM); 22.2 ± 10.1 for PWF
and 44.6 ± 36.2 for Stroop test (Table 2).

Table 2. A general overview of Neuropsychological tests results in the whole population: Rey auditory
verbal learning test, immediate recall (RAVLT immediate); Rey auditory verbal learning test, delayed
recall (RAVLT, delayed); Rey complex figure test, copy (RCFT, copy); Rey complex figure test, delayed
recall (RCFT, delayed); Raven’s colored progressive matrices (RCPM); phonological word fluency test
(PWF) and Stroop test.

Neuropsychological Test Mean ± SD (Range)

RAVLT immediate 22.6 ± 8.6 (0–43)

RAVLT delayed 71.4 ± 5.9 (48–82)

RCFT copy 18.2 ± 10.4 (0–36)

RCFT delayed 7.6 ± 6 (0–26)

RCPM 18.8 ± 9 (0–36)

PWF 22.2 ± 10.1 (0–55)

Stroop Test 44.6 ± 36.2 (0–162)

A positive correlation was reported in the statistical analysis between the PET data and performance
in RAVLT immediate. We found a significant relationship between (18F)FDG uptake and performance
in RAVLT immediate in a large portion of the left temporal lobe, in a cluster of 1141 voxels that included
left temporal middle and superior gyrus, as shown in Figure 1 and Table 3 (positive correlation in
Brodmann area 37 and Brodmann area 22).

Furthermore, a significant correlation was described between the PET data and performance in
RCFT, copy. We found a significant positive relationship between (18F)FDG uptake and performance
in RCFT, copy in a cluster of 1177 voxels that included left parietal inferior lobule and precuneus,
and in a cluster of 804 voxels that include right parietal superior and inferior lobules (left and right
BA40 and left and right BA7), as reported in Figure 2 and Table 4. We did not find any significant
relationships between (18F)FDG uptake and other tests performed.
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Figure 1. 3D rendering of the results of statistical parametric mapping analyses between (18F)FDG
uptake and performance in RAVLT immediate that shows a positive correlation in a large portion of the
left temporal lobe (Brodmann area 37 and Brodmann area BA22): (a) posterior view; (b) left lateral view.

Table 3. A general overview of statistical parametric mapping analyses that detected a positive
correlation in Brodmann area (BA) 37 and Brodmann area 22 of FDG uptake and performance in RAVL
immediate test. The Brodmann areas were then identified at a range of 0 to 3 mm from the corrected
Talairach coordinates of the SPM output isocentres. A statistical height threshold was equal to or lower
than p < 0.001 at both clusters, and voxel-level was accepted as significant. We considered as significant
a cluster extension of more than 125 contiguous voxels.

Analysis Cluster Level Voxel Level

Positive
Correlation

p(FWE-corr) q(FDRcorr) Extent Cortical Region
Z Score of
Maximum

Talairach
Coordinates

Cortical
Region

0.003 0.007 1141 Left temporal, middle
temporal gyrus 4.55 −48, −52, 4 BA 37

Left temporal, middle
temporal gyrus 3.68 −54, −36, 8 BA 22

Left temporal, superior
temporal gyrus 3.60 −56, −28, 6 BA 22

Table 4. A general overview of statistical parametric mapping analyses that detected a positive
correlation in left and right Brodmann area (BA) 7 and left and right Brodmann area 40 of FDG uptake
and performance in RCFT, copy test. The Brodmann areas were then identified at a range of 0 to 3 mm
from the corrected Talairach coordinates of the SPM output isocentres. A statistical height threshold
was equal to or lower than p < 0.001 at both clusters, and voxel-level was accepted as significant.
We considered as significant a cluster extension of more than 125 contiguous voxels.

Analysis Cluster Level Voxel Level

Positive
Correlation

p(FWE-corr) q(FDRcorr) Extent Cortical Region
Z Score of
Maximum

Talairach
Coordinates

Cortical
Region

0.002 0.005 1177 Left parietal, inferior
parietal lobule 4.84 −34, −50, 36 BA 40

left parietal, precuneus 4.25 −24, −76, 42 BA 7

left parietal, precuneus 4.08 −16, −74, 48 BA 7

0.011 0.013 804 Right parietal, superior
parietal lobule 4.52 34, −56, 48 BA 7

right parietal, superior
parietal lobule 3.90 28, −66, 48 BA 7

right parietal, inferior
parietal lobule 3.70 42, −40, 42 BA 40
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Figure 2. 3D rendering of the results of statistical parametric mapping analyses between (18F)FDG
uptake and performance in RCFT copy that shows a positive correlation in left and right Brodmann
area 40 and left and right Brodmann area 7: (a) posterior view; (b) left lateral view; (c) superior view;
(d) right lateral view.

4. Discussion

Cognitive performance is an important outcome measure in AD diagnosis and progression.
Nevertheless, the symptomatic significance of improvement or decline in clinical tests has not been
well established, making it difficult to set a standard for what is meant by meaningful improvement [6].
Cognitive decline in AD is generally assessed by a neuropsychological battery [4]. An optimal outcome
measure would reflect clinically-significant patient function, provide reliable measurements with
minimal variability, and track a physiologically relevant disease process. However, the cognitive
assessment also has several limitations, such as a large inter and intraindividual variability and floor
and ceiling effects [2].

330



J. Pers. Med. 2020, 10, 25

The neuropsychological test results may be considered as statistical parameters in research papers
that include brain data analysis by using computer-aided metrics, such as statistical parametric
mapping (SPM) [8]. For each cognitive measure, difference scores were entered into a regression
analysis in SPM as the independent variable [9] or as a covariate.

The goal of the present study was to examine the brain metabolic correlates of the main indices of
neuropsychological assessment tests in order to evaluate their impact on SPM brain data analysis.

We found a significant relationship between (18F)FDG uptake and performance in RAVLT
immediate in a large portion of the left temporal lobe (positive correlation in BA37 and BA22) and with
RCFT, copy (positive correlation in left and right BA40 and left and right BA7). We did not find any
significant relationships with other tests.

A previous paper evaluated the brain metabolic correlates of the main indices of RAVLT, showing a
significant correlation between the delayed recall score and metabolism in the posterior cingulate gyrus
of both hemispheres and left precuneus, as well as between a score of long-term percent retention and
metabolism in the left posterior cingulate gyrus, precuneus, and orbitofrontal areas. No correlation was
found between immediate or total recall scores and glucose metabolism [1]. Nevertheless, the sample
analyzed was a group of 54 elderly subjects with memory complaints. Therefore these differences,
with our results, may be both due to the different sized sample and to the worse clinical conditions of
our patients (elderly subjects with memory complaints vs. clinically diagnosed AD) with subsequent
cortical hypometabolism according to the AD pattern. Neurological substrates underlying the tests
widely used, such as delayed recall and executive function, were explored in MCI, whereas it was only
partially explored in diagnosed AD.

A paper concerning MCI performances on delayed recall and executive function suggested that
hypometabolism in the right medial temporal cortex, right prefrontal cortex, left superior parietal
cortex, and bilateral posterior cingulate reflect impairments in delayed recall, while hypometabolism
in the right prefrontal cortex mirrors deficits in executive function in MCI [18]. The differences with
our results may be due to differences in both the methods and in the stage of disease of the examined
population. A further paper evaluated the relationships of FDG-PET metabolism with cognition in
MCI: the composite score predicted variation in cortical metabolism, and TMT B was significantly
correlated with PET metabolism. The results indicated that RAVLT and TMT B are sensitive to variation
in AD neuroimaging markers in MCI but, contrary to our paper focused on SPM brain analysis; the
Statistical Package for the Social Sciences (SPSS version 22.0) was used [5]. Even if both statistical
analysis and enrolled populations are different from our methods, these findings partially support our
results concerning the correlation of RAVLT test performance with FDG uptake in AD.

Furthermore, a previous study compared glucose metabolism and clinical measurements, reporting
that baseline and longitudinal FDG-ROI measures are sensitive to poor performance at neuropsychological
assessment and validate the cognitive and functional relevance of longitudinal changes in (18F)FDG
measurement. Nevertheless, the indices used in this paper were The Functional Activities Questionnaire
(FAQ) and Alzheimer’s Disease Assessment Scale—cognitive subscale (ADAS-cog) [6].

The patients and methods applied in the literature are as heterogeneous as the results obtained.
According to our results concerning diagnosed AD, glucose metabolism of the left temporal lobe correlated
to RAVLT, whereas glucose metabolism of the bilateral parietal lobe correlated to RCFT, copy. We did not
find any significant relationships with other tests. Therefore, cortical and subcortical glucose consumption
appear moderately related to the neuropsychological assessment. Even if the clinical usefulness of
neuropsychological assessment is well established, our results suggest a limited impact on the data
analysis of brain metabolism in patients with AD. Therefore, we suggest using these parameters in the
statistical analysis of neuroimaging biomarkers by dedicated software, especially FDG uptake, just in the
particular analysis concerning specific clinical aspects. Generally, considering the heterogeneous data
about the influence of neuropsychological assessment on PET data, the use of neuropsychological indices
as a covariate or independent variables in SPM analysis can be avoided in these patients.
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Abstract: Mild cognitive impairment (MCI), also termed mild neurocognitive disorder, includes a
heterogeneous group of conditions characterized by declines in one or more cognitive domains greater
than that expected during “normal” aging but not severe enough to impair functional abilities. MCI has
been associated with an increased risk of developing dementia and even considered an early stage of it.
Therefore, noninvasively accessible biomarkers of MCI are highly sought after for early identification
of the condition. Systemic inflammation, metabolic perturbations, and declining physical performance
have been described in people with MCI. However, whether biological and functional parameters
differ across MCI neuropsychological subtypes is presently debated. Likewise, the predictive value
of existing biomarkers toward MCI conversion into dementia is unclear. The “develOpment of
metabolic and functional markers of Dementia IN Older people” (ODINO) study was conceived as a
multi-dimensional investigation in which multi-marker discovery will be coupled with innovative
statistical approaches to characterize patterns of systemic inflammation, metabolic perturbations, and
physical performance in older adults with MCI. The ultimate aim of ODINO is to identify potential
biomarkers specific for MCI subtypes and predictive of MCI conversion into Alzheimer’s disease or
other forms of dementia over a three-year follow-up. Here, we describe the rationale, design, and
methods of ODINO.

Keywords: aging; biomarkers; cytokines; cognitive decline; Alzheimer’s disease; metabolomics;
neuroinflammation; multivariate analysis; physical performance; person-tailored

1. Introduction

Mild cognitive impairment (MCI), also termed mild neurocognitive disorder according to the
Diagnostic and Statistical Manual of Mental Disorders, Fifth Edition (DSM-5) [1], is a condition
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characterized by a decline in cognitive function that is greater than that expected for the individual’s
age and education level but not severe enough to compromise engagement in daily activities [2]. From a
neuropsychological perspective, MCI involves reduced cognitive abilities (non-amnestic subtype)
in one (single domain) or more (multiple domains) domains or a reduced ability to recall stored
information (amnestic subtype) [3]. Other cognitive domains including language, visuospatial function,
complex attention, and executive functions may also be affected [3]. Noticeably, people diagnosed with
MCI, especially those with the amnestic subtype (aMCI), have a 10-fold increased risk of progression
toward Alzheimer’s disease (AD) or other forms of dementia [4]. Therefore, establishing whether MCI
is indeed a prodromal stage of dementia and understanding the mechanisms of its progression are
necessary for the early take-in-charge of affected individuals and for the implementation of preventive
interventions [5,6]. To this aim, biomarkers capable of identifying persons with MCI, especially those
at higher risk of developing AD or other forms of dementia, are highly sought after.

Signs of neuroinflammation (e.g., detection of inflammatory cytokines in the proximity of
ß-amyloid deposits and neurofibrillary tangles), whole-body metabolic perturbations, and declining
physical performance (e.g., slow gait speed, impaired performance on dual-task tests) have been
documented in people with MCI [7,8]. However, the existence of specific patterns of biological and
functional markers across MCI subtypes and their predictive value for the conversion of MCI into
dementia are debated.

Multi-marker approaches covering different physiological domains are increasingly implemented
for the appraisal of complex and dynamic conditions [9–11]. These approaches are conceptualized
within the notion of allostatic load, that is the exposure of cells and biological systems to recurrent
or chronic stressors inflicting cumulative damage [12]. Within this paradigm, biomarkers represent
endophenotypes of physiological dysregulation that may support diagnosis, tracking, clinical and
therapeutic decision-making, and verification of the efficacy of an intervention before it is clinically
detectable. In this scenario, the quantification of specific parameters coupled with ad hoc multivariate
statistical approaches may allow identifying patterns of biomarkers that can be applied at the individual
level as a measure of departure from his/her “normal operating conditions” [13].

The “develOpment of metabolic and functional markers of Dementia IN Older people” (ODINO)
study has been conceived as an innovative multi-dimensional investigation in which clinical,
neuropsychological, functional, and biological parameters will be analyzed through ad hoc statistical
analyses to provide a comprehensive characterization of MCI subtypes. Biological and functional
markers will be tested for their ability to predict MCI conversion into AD and other forms of dementia
over a three-year follow-up.

2. Materials and Methods

2.1. Study Design and Population

The protocol of this observational study was approved by the Ethics Committee of the Fondazione
Policlinico Universitario “Agostino Gemelli” IRCCS (Rome, Italy) (protocol #230/19). A convenience
sample of 120 participants will be enrolled in ODINO. The study will be carried out through a two-step
analytical process: (1) collection of clinical data, evaluation of cognitive and physical performance, and
analysis of biological markers to evaluate patterns of physical performance, systemic inflammation,
and metabolic perturbations in older adults with MCI, and (2) a longitudinal three-year follow-up to
obtain indications of biomarkers associated with the conversion of MCI into dementia.

Participant recruitment will take place at the Fondazione Policlinico Universitario “Agostino
Gemelli” IRCCS under the coordination of the outpatient clinic of the Department of Geriatrics.
Participants will be recruited by convenience and asked about their willingness to participate in
the study. Candidates aged ≥65 and ≤85 years with a diagnosis of MCI according to the criteria
of the National Institute on Aging-Alzheimer’s Association [14] will be considered eligible for
enrolment. After obtaining written informed consent, participants will be stratified in MCI subtypes
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(i.e., amnestic single domain, non-amnestic single domain, amnestic multi-domains, and non-amnestic
multi-domains).

Exclusion criteria will be: active treatment for cancer or cancer diagnosis (except for non-melanoma
skin cancer), severe knee or hip osteoarthritis limiting mobility, inflammatory diseases (e.g., rheumatoid
arthritis, vasculitis, autoimmune disorders, inflammatory bowel disease), stroke with upper and/or
lower extremity involvement, Parkinson’s disease or other neurological disorders likely to interfere
with physical function, major psychiatric illnesses, sleep disorders, heart failure New York Heart
Association (NYHA) class III–IV, respiratory insufficiency requiring supplemental oxygen, and use
of long-acting benzodiazepines or antipsychotic drugs. Temporary exclusion criteria will be acute
illnesses (e.g., infections, re-exacerbation of chronic obstructive pulmonary disease), major surgery,
and traumata.

Participant assessment will be carried out at the geriatric outpatient clinic of the Fondazione
Policlinico Universitario “Agostino Gemelli” IRCCS during four visits at baseline and every 12 months
over a three-year follow-up. The activities expected at each visit will be completed over three days
within one week (Table 1).

Table 1. Visit schedule and related activities.

Activity Visit 1 (Baseline) V2 (12 Months) V3 (24 Months) V4 (36 Months)

Informed Consent x
Sociodemographic

Characteristics x x x x

Medical History x x x x
Medication
Inventory x x x x

CDR Scale x x x x
MMSE x x x x
RAVLT x x x x

Digit Span x x x x
Corsi Span x x x x

Visuospatial Abilities
and Praxis x x x x

Language x x x x
Attention and

Executive Functions x x x x

GDS-15 x x x x
Anthropometry x x x x

Body Composition x x x x
Muscle Strength x x x x

TUG x x x x
SPPB x x x x

6MWT x x x x
ADL x x x x
IADL x x x x

7-Day Activity and
EE Monitor x x x x

Blood Draw x x x x

The activities of each visit will be completed over three days within one week. Abbreviations: CDR, clinical
dementia rating; MMSE, mini-mental state examination; RAVLT, Rey auditory verbal learning test; GDS-15, geriatric
depression scale 15 items; TUG, timed-up-and-go; SPPB, short physical performance battery; 6MWT, six-min
walking test; ADL, activities of daily living; IADL, instrumental activities of daily living; EE, energy expenditure.

2.2. General Characteristics

Information on age, sex, smoking habit, alcohol consumption, comorbid conditions, and
medications will be recorded by an attending physician through a structured interview and careful
review of medical records. Vital signs will also be assessed. Standard blood biochemistry will be carried
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out by the centralized diagnostic laboratory of the Fondazione Policlinico Universitario “Agostino
Gemelli” IRCCS.

2.3. Neuropsychological Assessment and Cognitive Evaluation

Participants will receive a comprehensive neuropsychological assessment and cognitive evaluation
by means of the clinical dementia rating (CDR) scale [15] and a battery of neuropsychological tests
exploring global cognitive function (mini-mental state examination, MMSE) [16], verbal learning and
episodic memory (Rey auditory verbal learning test, RAVLT) [17], verbal short-term memory and
verbal working memory (digit span) [18], visuospatial short-term memory and visuospatial working
memory (Corsi span) [19,20], visuospatial abilities and praxis (copying drawings; copying drawings
with landmarks; Rey-Osterrieth complex figure copy) [21], language (phonological verbal fluency
task, semantic verbal fluency task, nouns naming test, and verbs naming test) [22], and attention and
executive functions (Stroop color word interference test, multiple features target cancellation test,
MFTC) [23,24]. Mood will be assessed through the 15-item geriatric depression scale (GDS-15) [25].

2.4. Anthropometry and Body Composition

Body mass and height will be measured by means of a medical graded weight scale with a
stadiometer. Body mass index (BMI) will be calculated as the ratio between body mass (kg) and the
square of height (m2).

A flexible and inextensible anthropometric tape will be used to measure waist circumference
(WC), hip circumference (HC), and mid-arm circumference (MAC). The waist-to-hip ratio will be
calculated. For these measurements, participants will be requested to wear light clothes and to stay in
standing position, head held erect, eyes forward, with arms relaxed at the sides of the body, and feet
kept together. WC will be taken at the mid-point between the last floating rib and the highest point of
the iliac crest. HC will be measured at the highest point of the buttocks. MAC will be taken at the
mid-point between the elbow and the deltoid muscle [26].

Bone mineral density and appendicular lean mass will be measured by dual X-ray absorptiometry
(DXA) on a Hologic® Discovery A (Hologic, Inc., Bedford, MA, USA), as previously described [27].

2.5. Assessment of Muscle Strength, Physical Function, and Disability Status

Upper and lower-limb muscle strength will be measured by isometric handgrip strength (IHG) and
isokinetic analysis, respectively. IHG will be measured using a Jamar handheld hydraulic dynamometer
(Patterson Medical Products, Inc., Cincinnati, OH, USA) [28]. For the test, participants will remain
seated on a standard chair with shoulders abducted, and the elbow flexed at 90◦ and near to the
trunk, and the wrist in a neutral position (thumb up). The contralateral arm will remain relaxed
under the thigh [29]. IHG will be measured during four s. Participants will be familiarized and
warmed up before performing three maximal efforts with a one-min rest period. Encouragement to
perform the test as quickly and forcefully as possible will be provided during the entire experiment.
The maximal concentric isokinetic strength of knee extensors of the dominant side will be measured
on a REV9000 isokinetic dynamometer (Technogym, Gambettola, Italy), as previously described [30].
Briefly, participants will be asked to produce their maximum force while extending the knee from 90◦
to 0◦ of flexion at 60◦/s with a hip angle of 90◦–100◦. Two practice repetitions will be completed prior
to three test repetitions. The maximal peak torque achieved will be used for the analysis.

The timed-up-and-go (TUG) test involves getting up from a chair, walking three meters around a
marker placed on the floor, coming back to the same position, and sitting back on the chair. Participants
will begin the test while wearing their regular footwear, with their back against the chair, arms resting
on the chair’s arms, and with the feet in contact with the ground. A researcher will instruct them to,
on the word “go”, get up and walk at a normal pace through the demarcation of three meters on the
ground, turn, return to the chair, and sit down again. Timing will start when participants get up from
the chair and will stop when their back touches the backrest of the chair again [31]. After completing
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the standard TUG test, participants will be asked to perform TUG combined with a verbal fluency task
(i.e., naming as many animals as they can remember), with a motor task (i.e., carrying a full cup of
water), and with both cognitive and motor tasks (i.e., performing the verbal fluency test while carrying
a full cup of water) [32].

The short physical performance battery (SPPB) is composed of three subtasks: standing balance,
usual gait speed, and the five-repetition chair-stand test [33]. For the standing balance test, participants
will be asked to stand in three progressively more difficult positions for 10 s each: a side-by-side feet
standing position, a semi-tandem position and a full-tandem position. Gait speed will be measured
over a four m course at the person’s usual pace. The faster of two trials will be used for the analysis.
For the five-repetition chair-stand test, participants will be asked to perform five repetitions of standing
up and sitting down from a chair without using hands and the performance will be timed. Each of the
three SPPB subtasks will be categorized into a five-level score, with zero representing the inability to
do the test and four corresponding to the highest level of performance.

The six-min walk test will be performed according to the guidelines of the American Thoracic
Society [34]. The test will be conducted indoors on a 30-m track. After remaining seated for 15 min,
participants will be requested to walk on the track as fast as possible for six min. The test will be
interrupted if participants show any sign of chest pain, intolerable dyspnea, leg cramps, staggering,
diaphoresis, a pale or ashen appearance, or any other complaint. The distance walked (m) will be used
for the analysis.

Disability status will be assessed through the activities of daily living (ADL) and instrumental
ADL (IADL) scales [35,36].

2.6. Measurement of Physical Activity Levels and Energy Expenditure

Free-living physical activity levels and energy expenditure will be quantified through a SenseWear®

armband (SWA, BodyMedia, Inc., Pittsburgh, PA, USA) over seven consecutive days. The SWA is a
body monitor wearable on the back of the arm that enables the continuous monitoring of physical
activity at low intensities and during unstructured or intermittent activities. The SWA utilizes a unique
combination of sensors to measure the amount of heat being dissipated by the body as well as the skin
and near-armband temperature. Measures of galvanic skin response to physical and emotional stimuli
are also recorded. A two-axis accelerometer tracks the arm movements and provides information
about the body position. Wireless transmission, communication, and wired data download are ensured
by a radio and a data port. All information collected is integrated and processed by software using
proprietary algorithms according to the participant’s characteristics (sex, age, height, and weight)
to provide minute-by-minute estimates of energy expenditure during different levels of physical
activity [37].

2.7. Collection of Blood Samples

Blood will be drawn in the morning by venipuncture of the median cubital vein. For plasma
separation, blood will be collected using tubes containing ethylenediaminetetraacetic acid (EDTA) and
will subsequently be centrifuged at 1000× g for 15 min at 4 ◦C. For serum separation, blood samples
will be collected in tubes without EDTA and will be kept at room temperature for 30 min to allow
clotting. Afterward, samples will be centrifuged as described above. Aliquots will be prepared from
the upper clear fraction (plasma or serum) and stored at −80 ◦C until analysis.

2.8. Determination of Biomarkers of Inflammation and Neurodegeneration

A biomarker panel has been designed based on previous investigations by our group in older
populations, including older adults with neurodegenerative conditions [10,38–43]. Markers of systemic
inflammation will be assayed as described elsewhere [40]. Briefly, a set of 27 pro- or anti-inflammatory
mediators (e.g., cytokines, chemokines, and growth factors) will be measured in serum samples using
the Bio-Plex Pro™ Human Cytokine 27-plex Assay kit (#M500KCAF0Y, Bio-Rad, Hercules, CA, USA)
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(Table 2). Experiments will be run on a Bio-Plex® System with Luminex xMap Technology (Bio-Rad)
and data will be acquired on the Bio-Plex Manager Software 6.1 (Bio-Rad) with instrument default
settings. Outliers will be automatically removed by optimization of standard curves across all analytes
and results will be obtained as concentration (pg/mL).

Table 2. Serum inflammatory biomolecules assayed by multiplex immunoassay.

Biomarker Class Components of the Biomarker Panel

Cytokines IFNγ, IL1β, IL1Ra, IL2, IL4, IL5, IL6, IL7, IL8, IL9, IL10, IL12, IL13, IL15, IL17, TNF-α
Chemokines CCL5, CCL11, IP-10, MCP-1, MIP-1α, MIP-1β

Growth Factors FGF-β, G-CSF, GM-CSF, PDGF-BB

Abbreviations: IFN, interferon; IL, interleukin; IL1Ra, interleukin 1 receptor agonist; TNF-α, tumor necrosis
factor-alpha; CCL, C-C motif chemokine ligand; IP: interferon-induced protein; MCP-1: monocyte chemoattractant
protein 1; MIP: macrophage inflammatory protein; FGF, fibroblast growth factor; G-CSF, granulocyte
colony-stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; PDGF-BB, platelet-derived
growth factor BB.

Traditional and automated enzyme-linked immunosorbent assays will be run to quantify serum
levels of amyloid beta (aa1-42) (#DAB142, R&D Systems, Minneapolis, MN, USA), neurofilament
light polypeptide (#SPCKB-PS-002448-000190, R&D Systems), Tau (#NBP2-62749, Novus Biologicals,
Littleton, CO, USA), and Tau [p Ser739] (#NBP2-66711, Novus Biologicals) proteins according to the
manufacturer’s instructions.

2.9. Measurement of Plasma Fatty Acid Concentrations

A panel of 14 fatty acids that were previously associated with AD [44] will be measured in plasma
by a gas chromatography-electron ionization-mass spectrometry (GC-EI-MS) validated methodology
(Eureka One Lab Division Kit, code GC75010; Ancona, Italy) according to the manufacturer’s
instructions (Table 3).

Table 3. Plasma fatty acids assayed by gas chromatography-electron ionization-mass spectrometry.

Fatty Acid Fragments

Tetradecanoic acid 74.1; 87.0; 143.0
Hexadecanoic acid 227.0; 270.0

Cis-9-hexadecenoic acid 55.0; 81.0; 96.0; 237.0
Heptadecanoic acid (internal standard) 74.1; 87.0; 284.0

Octadecanoic acid 75.0; 255.0; 298.0
Cis-9-octadecenoic acid 81.1; 96.0; 264.0

Trans-9-octadecenoic acid 81.1; 96.0; 264.0
All cis 9,12-octadecadienoic acid 67.0; 81.1; 95.0

Trans-9,trans-12-octadecadienoic acid 67.0; 81.1; 95.0
All cis 9,12,15 octadecatrienoic acid 67.0; 79.1; 93.0; 95.0
All cis 6,9,12 octadecatrienoic acid 67.0; 79.1; 93.0; 95.0
All cis 8,11,14 eicosatrienoic acid 67.0; 79.1; 93.0

All cis 5,8,11,14 eicosatetraenic acid 67.0; 79.1; 91.0
All cis 5,8,11,14,17 eicosapentaenoic acid 67.0; 79.1; 91.0; 105.0

Following extraction and washing, samples will be treated with a derivatizing solution for 15 min
at 100 ◦C, diluted and directly injected into the GC-MS. GC-MS analyses will be performed on a Trace
GC Ultra (Thermo Fisher Scientific, Waltham, MA, USA) equipped with Durabond HP-88 column,
100 m × 0.25 mm × 0.2 μm film thickness (Agilent Technologies, Santa Clara, CA, USA), and connected
to an ISQ mass spectrometer (Thermo Fisher Scientific). One μL of the sample will be injected in split
mode (1:10 ratio), with injector temperature set at 250 ◦C. Helium will be used as carrier gas and the
flow-rate will be maintained constant at 1 mL/min. The initial oven temperature of 100 ◦C will be
held for 1 min, then raised to 220 ◦C at 10 ◦C/min, and maintained for 4 min. Afterward, the oven
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temperature will be increased up to 240 ◦C at 10 ◦C/min and held for 10 min. The mass transfer line will
be maintained at 270 ◦C and the ion source at 200 ◦C. Analyses will be performed in the selected ion
monitoring (SIM) mode. Ions monitored in the analysis are shown in Table 3. The analytical process
will be monitored using fatty acid controls (code GC75019, level 1 and level 2) manufactured by Eureka
One Lab Division.

2.10. Measurement of Serum Concentrations of Amino Acids and Derivatives

The serum concentration of a panel of 37 amino acids and derivatives will be determined by
ultraperformance liquid chromatography/MS (UPLC/MS), as described elsewhere [9]. The panel
has been chosen based on previous work by our group in older populations [9,41,45,46] and will
include: 1-methylhistidine, 3-methylhistidine, 4-hydroxyproline, α-aminobutyric acid, β-alanine,
β-aminobutyric acid, γ-aminobutyric acid, alanine, aminoadipic acid, anserine, arginine, asparagine,
aspartic acid, carnosine, citrulline, cystathionine, cystine, ethanolamine, glutamic acid, glycine,
histidine, isoleucine, leucine, lysine, methionine, ornithine, phenylalanine, phosphoethanolamine,
phosphoserine, proline, sarcosine, serine, taurine, threonine, tryptophan, tyrosine, and valine.

Briefly, 50 μL of the sample will be added to 100 μL 10% (w/v) sulfosalicylic acid containing
an internal standard mix (50 μM) (Cambridge Isotope Laboratories, Inc., Tewksbury, MA, USA).
The mixture will be centrifuged at 1000× g for 15 min. Seventy μL of borate buffer and 20 μL of AccQ
Tag reagents (Waters Corporation, Milford, MA, USA) will be added to 10μL of the obtained supernatant
and heated at 55 ◦C for 10 min. Next, samples will be loaded onto a CORTECS UPLC C18 column
1.6 μm, 2.1 mm × 150 mm (Waters Corporation) for chromatographic separation (ACQUITY H-Class,
Waters Corporation). Elution will be accomplished at 500 μL/min flow-rate with a linear gradient
(9 min) from 99:1 to 1:99 water 0.1% formic acid/acetonitrile 0.1% formic acid. Finally, analytes will be
detected on an ACQUITY QDa single quadrupole mass spectrometer equipped with an electrospray
source operating in positive mode (Waters Corporation). Amino acid controls manufactured by the
MCA laboratory of the Queen Beatrix Hospital (Winterswijk, The Netherlands) will be used to monitor
the analytic process.

2.11. Statistical Analysis

Since no studies have explored the multi-marker profile of MCI chosen in ODINO, no power
analysis could be run for sample size calculation. Based on the number of older persons diagnosed
with MCI at our center, we estimate that 120 participants will be enrolled over one year. The rate of
losses to follow-up over three years is expected to be 20%, leaving a total of 100 cases from whom all
variables of interest will be collected. Participants will be censored at the end of follow-up, at the date
of conversion to dementia, or at the date of death, as applicable.

Descriptive statistics will be run for all variables. After ascertainment of data distribution,
comparisons of variables of interest among MCI subtypes will be performed via analysis of variance
(ANOVA) or Kruskal –Wallis H for continuous variables, as appropriate. Categorical variables will be
compared through χ2 statistics. Survival analyses (Kaplan–Meier and Cox regression) will be used to
investigate the impact of clinical variables on conversion to dementia. Descriptive statistics will be
performed using SAS version 9.2 (SAS Institute Inc., Cary, NC, USA).

In the cross-sectional stage of the study, to characterize MCI subtypes, different classification
strategies will be enacted. First, a purely discriminant approach will be adopted. In discriminant
classification, data are used to build a predictive model aiming at assigning each individual to one
specific group (in this case, any of the MCI subtypes). To this aim, a classification strategy based on
partial least squares discriminant analysis (PLS-DA) will be adopted [47]. PLS-DA offers the advantage
of processing datasets containing a high number of variables even if they are highly correlated with one
another. The analysis of the whole dataset, which encompasses multi-block data, will be performed
through the recently developed sequential and orthogonalized covariance selection (SO-CovSel) [48].
The method, which allows a highly parsimonious variable selection, was used by our group for the
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identification of a gut microbial, inflammatory and metabolic fingerprint in older adults with physical
frailty & sarcopenia [41].

To rule out the possibility of chance correlations and to estimate the reliability of predictive
models, a thorough validation process by means of double cross-validation (DCV) and permutation
tests will be operated. DCV consists of two nested loops of cross-validation; the external loop is used
to unbiasedly estimate the predictive ability of the model parameters that are optimized on the basis of
the internal loop. The classification ability of the optimal model is then expressed by means of various
figures of merit, such as the number of misclassifications (NMC), the area under the receiver operating
characteristic (AUROC) curve, and the discriminant Q2 (DQ2), the distributions of which under the
null hypothesis are estimated via permutation tests [49]. This allows the establishment of the statistical
significance of the observed discrimination. A detailed description of PLS-DA, SO-CovSel, and DCV
procedures may be found elsewhere [9,41,43].

Classification will be repeated with a modeling approach based on soft independent modeling
of class analogies (SIMCA) [50], in order to assess the degrees of similarity among MCI subtypes.
Modeling approaches use data to define which experimental profiles are to be expected from individuals
belonging to a particular category (i.e., the so-called model space). Accordingly, a class model allows
the prediction of how likely it is for an individual to belong to a class or not, on the basis of the
measurements considered. Since each category (MCI subtype) will be modeled independently from
the others, the results of this analytical stage will provide information on the effectiveness of the
characterization of different MCI subtypes. The analysis will also indicate how likely it is for specific
subtypes of participants to be confounded with one another. A SIMCA model was recently built by
our group to verify the accuracy of the classification of older adults with Parkinson’s disease based on
extracellular vesicle cargo [43].

In the longitudinal phase of the study, multilevel ANOVA (MANOVA) coupled with simultaneous
component analysis (SCA) or with PLS-DA will be used to characterize the time dynamics of participants
over the follow-up [51]. MANOVA may be considered to be equivalent to multivariate ANOVA for
repeated measurements. In such a configuration, SCA, which under the constraints of MANOVA is
identical to principal component analysis, or PLS-DA allows applying the method to data matrices
containing a high number of possibly correlated variables. The statistical significance of MANOVA
will be assessed non-parametrically by permutation tests. Multivariate statistics will be conducted
using functions written in-house and run under the Matlab environment (The Mathworks, Natick,
MA, USA).

3. Discussion

The possibility that MCI, at least in some variants, may be a prodromal stage of dementia
has ignited a great deal of research primarily aimed at testing possible strategies to impede MCI
progression [52]. However, the clinical heterogeneity of MCI and its multifactorial pathogenesis have
been major hurdles in identifying meaningful biomarkers and devising effective interventions.

Different cognitive domains may be affected in MCI, which has allowed the clinical identification
of various subtypes. In the aMCI, memory loss is predominant and shows a higher risk for further
conversion to AD [53]. Non-amnestic MCI subtypes are characterized by impairments in cognitive
domains other than memory and have a greater propensity to convert into other forms of dementia,
such as diffuse Lewy body dementia and vascular dementia [53]. Both aMCI and naMCI variants can
be further categorized into single- and multi-domain subtypes, depending on the number of cognitive
domains affected. The distinction between aMCI and naMCI is not only based on neuropsychological
parameters, but is sustained by specific brain structural characteristics, primarily involving the
hippocampus, the cortical thickness, and the entorhinal cortex [54–57].

The development of biomarkers able to capture complex phenomena, such as MCI and dementia,
are highly sought after. Several investigations have been conducted to evaluate candidate biomarkers
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for MCI. However, these studies investigated differences between MCI and healthy controls, whereas
none of them explored distinct features across MCI subtypes [58,59].

The development of cost-effective omics platforms enabling the simultaneous analysis of a vast
repertoire of biological mediators in biofluids has shown great value in providing a comprehensive
read-out of the environmental and clinical disturbances affecting cell homeostasis in different
settings [11]. Metabolomics analyses of the cerebrospinal fluid (CSF) allowed differentiating MCI
from dementia in older people, a task in which traditional biomarkers of AD such as Aβ42 failed [60].
Core CSF biomarkers including total (T-Tau) and phosphorylated Tau (P-Tau) protein, Aβ42, and
neurofilament light polypeptide have been strongly associated with AD, such that their clinical
implementation for diagnostic purposes has been suggested [61]. However, biomarkers specific for
MCI are still missing.

Recent advances in lipidomics suggest that fatty acid dysmetabolism and imbalance in fatty
acid lipidome are involved in the initiation and progression of several neurodegenerative diseases,
including AD [62]. Indeed, fatty acid β-oxidation and its byproducts impact immune cell function,
thereby possibly contributing to neuroinflammation [62]. However, no studies have yet addressed
whether specific lipid markers distinguish aMCI and naMCI and predict their conversion into dementia.
Furthermore, an investigation involving eight prospective cohorts with over 20,000 participants found
an inverse association between serum concentrations of branch-chained amino acids and incident
AD [63]. Similar to lipids, it is presently unclear whether specific patterns of circulating amid acids are
selectively associated with MCI subtypes.

Inflammatory cytokines, including interleukin (IL) 1β, IL6 and tumor necrosis factor-alpha
(TNF-α), are involved in local inflammation triggered by amyloid plaque deposition and may induce
neurotoxicity when produced chronically, favoring the generation of Aβ peptides [64]. Therefore,
a role for these cytokines in inter- and intracellular signaling in microglia and astrocytes has been
hypothesized in AD [65]. Interestingly, peripheral inflammatory markers associated with MCI are
distinct from those found in patients with AD [66]. Though, no conclusive data are presently available.

Since markers pertaining to a single domain (e.g., inflammatory rather than metabolic) may fail at
capturing the intertwined relationship between local and systemic changes, we decided to combine
metabolomics analysis and immunoassays to characterize the metabolic and inflammatory profile of
older adults with MCI. A biomarker panel has been designed based on previous investigations by
our group in older populations, including older adults with neurodegenerative conditions [10,38–43].
This approach was also guided by the recent advances made in the field of geroscience [67]. To gain
insights into the etiology of the MCI subtypes, the panel also includes the analysis of circulating levels
of T-Tau and P-Tau protein, Aβ42, and neurofilament light polypeptide [61].

Other lines of evidence indicate that specific impairments in physical performance are associated
with MCI. In particular, people with aMCI show significant decreases in gait speed and increases in
stride time and time variability when changing from a single- to a dual-task [68,69]. Notably, poor gait
performance, particularly under dual-tasking, has been proposed as a motor signature of aMCI [8].
It is noteworthy that the co-occurrence of cognitive complaints and slow gait, a condition referred
to as motoric cognitive risk syndrome, identifies individuals at especially high risk to progress to
dementia [70,71]. Along similar lines, low muscle strength of upper and lower extremities has shown to
increase the risk of MCI progression into AD [72]. The neurophysiologic substratum of reduced physical
performance in MCI has its roots in the existence of neuronal networks involved in both cognition and
lower extremity function. Indeed, atrophy and amyloid deposition in a network encompassing the
dorsolateral prefrontal cortex, cingulate gyrus, parietal association areas, basal ganglia, and medial
temporal lobes (particularly the hippocampus) are thought to mediate the relationship between
cognitive function and physical performance [73]. Thus, individuals who exhibit both cognitive and
motor deficits may have greater underlying brain damage [71]. This implies that the simultaneous
analysis of cognitive and physical function may help identify a subset of MCI persons at greater risk
of conversion to dementia [71,74]. The observation that low muscle mass is commonly observed in
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conjunction with cognitive impairment [75,76] suggests that the inclusion of body composition analysis
might further refine the identification of people more likely to progress from MCI to dementia. Indeed,
muscle loss and cognitive dysfunction share a number of predisposing factors, including inflammation,
oxidative stress, insulin resistance, and an inactive lifestyle [76]. With regard to the latter, studies
have shown that engagement in regular physical activity is negatively associated with the risk of
developing dementia [77–79]. Furthermore, findings from a systematic review and meta-analyses
indicated that an increase of 500 kcal or 10 MET-h per week was associated with a 10% decrease in the
risk of dementia [79].

4. Conclusions

The ODINO study was conceived as an innovative multi-dimensional investigation aimed at
exploring biological and physical performance signatures of MCI subtypes. Measures of inflammatory/
metabolic markers and physical performance will be integrated through advanced multivariate
statistical analyses to gain insights into the heterogeneity of MCI subtypes and their risk to progress
toward dementia. The results obtained from the ODINO study and their comparison with those
collected from a thoroughly characterized cohort of non-MCI older adults with similar age and
sociodemographic characteristics [9–11] may enable discerning pathways involved in “physiologic”
age-related cognitive decline from those implicated in the progression of MCI to early dementia.
This knowledge will, therefore, pave the way for the clinical implementation of composite biomarkers
of MCI. Our results will also allow the possible identification of therapeutic targets amenable for
person-tailored interventions that may hold people with MCI back from the doorstep of dementia.
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Abstract: Omega-3 fatty acids (ω-3FAs), carotenoids, and vitamin E are important constituents of
a healthy diet. While they are present in brain tissue, studies have shown that these key nutrients
are depleted in individuals with mild cognitive impairment (MCI) in comparison to cognitively
healthy individuals. Therefore, it is likely that these individuals will benefit from targeted nutritional
intervention, given that poor nutrition is one of the many modifiable risk factors for MCI. Evidence to
date suggests that these nutritional compounds can work independently to optimize the neurocognitive
environment, primarily due to their antioxidant and anti-inflammatory properties. To date, however,
no interventional studies have examined the potential synergistic effects of a combination of ω-3FAs,
carotenoids and vitamin E on the cognitive function of patients with MCI. Individuals with clinically
confirmed MCI consumed an ω-3FA plus carotenoid plus vitamin E formulation or placebo for
12 months. Cognitive performance was determined from tasks that assessed global cognition
and episodic memory. Ω-3FAs, carotenoids, and vitamin E were measured in blood. Carotenoid
concentrations were also measured in tissue (skin and retina). Individuals consuming the active
intervention (n = 6; median [IQR] age 73.5 [69.5–80.5] years; 50% female) exhibited statistically
significant improvements (p < 0.05, for all) in tissue carotenoid concentrations, and carotenoid and
ω-3FA concentrations in blood. Trends in improvements in episodic memory and global cognition
were also observed in this group. In contrast, the placebo group (n = 7; median [IQR] 72 (69.5–75.5)
years; 89% female) remained unchanged or worsened for all measurements (p > 0.05). Despite
a small sample size, this exploratory study is the first of its kind to identify trends in improved
cognitive performance in individuals with MCI following supplementation with ω-3FAs, carotenoids,
and vitamin E.

Keywords: mild cognitive impairment; nutrition; omega-3 fatty acids; antioxidant; carotenoids;
vitamin E; cognition; episodic memory; older adults; ageing
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1. Introduction

Given the growing social and economic burden of cognitive decline on society, emphasis is being
placed on preventative strategies to delay the onset and reduce the risk of developing dementia, with
particular focus on Alzheimer’s disease (AD) as it is the most common form of dementia. Mild cognitive
impairment (MCI) is often a transitional phase between the cognitive changes that one expects as one
ages and very early dementia. It is recognized as a deterioration in cognitive function that exceeds
what is anticipated for an individual based on their age and education level. Importantly, these changes
in cognition are not significant enough to impact an individual’s independence or ability to perform
activities of daily living [1]. MCI is difficult to diagnose, and its prognosis is notoriously unpredictable.
While the mortality rate is higher in MCI patients in comparison to cognitively healthy individuals [2],
it is comparable to dementia mortality rates [3]. Although MCI is a risk factor for AD (with MCI
to dementia conversion rates estimated at 3%–15% annually [4]), it is important to note that some
individuals with the condition remain stable and do not progress while others may improve (i.e., revert
to a cognitively intact state) upon follow-up assessment. This reversion phenomenon is an inherent
feature of MCI and may be explained by the heterogeneity of the condition. While reverting from MCI
to a cognitively intact state seems like a positive outcome, importantly, a number of studies have shown
that these individuals are in fact at a greater risk of cognitive decline in the future [5,6]. Thus, due to
the increased risk of mortality and progression to AD, MCI is an important public health concern.

Despite its complex and dynamic nature, MCI offers a window of opportunity to examine the
potential of preventative strategies for modifying or delaying disease progression and improving
cognitive outcomes. Given that many risk factors (e.g., vascular disease, diabetes, smoking, physical
inactivity, social isolation [7–9]) for MCI are modifiable, shifting focus towards preventative strategies
seems prudent. Specifically, there is a growing body of evidence to suggest that good nutrition
is important for cognitive performance [10–14], and is associated with a reduced risk of MCI and
AD [15–18]. Omega-3 fatty acids (ω-3FAs), xanthophyll carotenoids (oxygen-containing, plant-based
pigments), and vitamin E are important constituents of a healthy diet. While these specific nutrients
are present in brain tissue [19–21], studies have shown that they are depleted in individuals with MCI
and AD in comparison to cognitively healthy individuals [22–24]. Therefore, it is likely that specific
population groups (e.g., individuals with MCI, very early-stage AD or individuals with a low ω-3FA or
carotenoid index) will benefit from targeted nutritional intervention. Indeed, observational [20,25–29]
and interventional [30–33] evidence to date suggests that these nutritional compounds can work
independently to optimize the neurocognitive environment [34], primarily due to their antioxidant and
anti-inflammatory properties. Interestingly, previous exploratory work has shown that a combination
of ω-3FAs and xanthophyll carotenoids can work synergistically to improve cognition in older
women [35], and maintain function and quality of life in AD patients [36]. To date, however, no
interventional studies have examined the potential synergistic effects of a combination of ω-3FAs,
xanthophyll carotenoids, and vitamin E on the cognitive health and function of patients with MCI.

The present study, the Cognitive impAiRmEnt Study (CARES), was designed to investigate
the impact of targeted nutritional intervention with ω-3FAs, xanthophyll carotenoids, and vitamin
E on cognitive function among individuals with MCI. CARES was a parallel group, double-blind,
placebo-controlled, randomized clinical trial studying two populations of interest. The first arm of
the trial (CARES Trial 1) examined the impact of targeted nutritional supplementation on cognitive
function in individuals with MCI, while the second arm of the trial (CARES Trial 2) investigated the
impact of targeted nutritional supplementation on cognitive function in cognitively heathy older adults
(≥65 years). Herein, exploratory work from CARES Trial 1 is presented and discussed.
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2. Materials and Methods

2.1. Study Design

CARES Trial 1 investigated the impact of 12-month supplementation with ω-3FAs, xanthophyll
carotenoids, and vitamin E on cognitive function in individuals with MCI. Individuals were initially
identified as potentially suitable for enrolment based on a medical assessment performed by consultant
geriatricians and psychiatrists of old age in the South-East catchment area of Ireland. Both amnestic
and non-amnestic MCI were included. MCI sub-type classification was not performed. A diagnosis of
MCI was based on published criteria [37,38]. Specific eligibility criteria included: self or family member
reported memory loss; fulfilled criteria for minimal cognitive impairment; functionally independent in
activities of daily living; ≥65 years of age; no rapidly progressive or fluctuating symptoms of memory
loss; no established diagnosis of early dementia (consumption of cognitive enhancement therapy such
as cholinesterase inhibitors or N-methyl-D-aspartate receptor antagonists); no stroke disease (clinical
stroke or stroke on CTB); no depression (under active review); no psychiatric illness (under active
review of psychotropic medications); no glaucoma (acute angle); no consumption of carotenoid or
fish/cod liver oil supplements; and no fish allergy.

2.2. MCI Screening

Prior to enrolment, all individuals who expressed an interest in participating in the trial completed
a screening assessment to confirm eligibility. This included assessing cognitive function using the
Repeatable Battery for the Assessment of Neurological Status (RBANS) Record Form A and the Montreal
Cognitive Assessment (MoCA) version 7.1. Level of functional ability was assessed using the Bristol
Activities of Daily Living Scale (BADLS) and the Alzheimer’s Questionnaire (AQ). A brief description
of each of these assessments is provided below. In the event where an informant was not present
during the assessment, a family member or carer was contacted via telephone to complete functional
ability assessments. In circumstances where no informant was available, the researcher administered
the questionnaires to the patient. Individuals who fulfilled the criteria for each cognitive and functional
assessment were invited to participate in the clinical trial. Individuals with borderline scores from the
screening assessments were referred to a consensus panel (via email or conference call) consisting of one
consultant geriatrician, one psychiatrist of old age and one clinical neuropsychologist for assessment
of eligibility [39]. Eligible individuals were then invited to enroll into the study (see Figure 1). Prior to
enrolment, written informed consent was obtained from all individuals. Ethical approval was granted
by the Research Ethics Committees of the Waterford Institute of Technology and University Hospital
Waterford in Waterford, Ireland in December 2015. CARES (trial registration number: ISRCTN10431469)
adhered to the tenets of the Declaration of Helsinki and followed the full code of ethics with respect to
recruitment, testing and general data protection regulations as set out by the European Parliament and
Council of the European Union.

Eligible individuals were randomized to either the active intervention (now commercially
known as Memory Health) containing 1 g of fish oil (of which 430 mg docosahexaenoic acid
[DHA] and 90 mg eicosapentaenoic acid [EPA]), the xanthophyll carotenoids lutein (L) (10 mg),
meso-zeaxanthin (MZ) (10 mg) and zeaxanthin (Z) (2 mg), and 15 mg of vitamin E (α-tocopherol),
or placebo (sunflower oil) intervention group. These doses were provided via two oval-size capsules.
Each capsule contained equal quantities of fish oil, carotenoids and vitamin E (see Table A1 in the
Appendix A section). Carotenoid and vitamin E concentrations were manufactured by Industrial
Orgánica (Monterrey, Mexico), while fish oil concentrations were manufactured by Epax (Ålesund,
Norway; product number: EPAX1050TG/N non-tuna). The complete formula composition and the
concentration of fatty acids of total lipids are available in the Appendix A section (Tables A1 and A2,
respectively in Appendix A). Individuals were instructed to consume two capsules per day with a
meal. Frequent phone calls were made to ensure compliance. Tablet counting was also performed at
follow-up. Study visits were conducted at baseline and 12 months at a single site (Nutrition Research
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Centre Ireland [NRCI]). Intervention randomization was performed by an electronic trial management
system (Trial Controller) designed by our research group (NRCI). This administration system was
also used to document patient information (name and contact details), support the organization and
management of capsules required for the clinical trial and assist with the scheduling of study visits.
The primary outcome measure of CARES Trial 1 was change in cognitive function. Secondary outcome
measures included change in the following variables: macular pigment optical volume (MPOV);
visual function; serum xanthophyll carotenoid concentrations (L, Z and MZ); serum vitamin E
concentrations (α-tocopherol); and plasma ω-3FA concentrations (EPA and DHA). Development of
AD was also recorded.
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Figure 1. Consolidated Standards of Reporting Trials (CONSORT) flow diagram for the Cognitive
impAiRmEnt Study (CARES) Trial 1.
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2.3. Assessing Cognitive Function

2.3.1. Global Cognition

The MoCA was used at the screening stage to assess global cognition. It is a short (10-min)
cognitive screening tool with high sensitivity and specificity for detecting MCI [40]. Thirty items
assess multiple cognitive domains including visuospatial abilities, executive function, phonemic
fluency, attention, immediate and delayed recall, language and orientation. The RBANS was used to
measure global cognition at screening and at 12-month follow-up visits. Five domains of cognition
(immediate memory, visuospatial ability, language, attention and delayed memory) were assessed
using 12 sub-tests. A composite or “total index/scale score” was also computed. The RBANS takes
approximately 30 min to administer and is a core diagnostic tool for detecting and characterizing
dementia [41]. The RBANS yields index standard scores that are based on the raw scores of each
subtest. RBANS index scores are metrically scaled, with a mean of 100 and a standard deviation (SD)
of 15 for each age group. A score of 100 on any of these measures equates to the average performance
of individuals of similar age. Scores of 85 and 115 correspond to 1 SD below and above the mean,
respectively, while scores of 70 and 130 are 2 SDs below and above the mean. Approximately 68% of all
examinees score between 85 and 115, circa 95% score in the 70 to 130 range, and nearly all examinees
obtain scores between 55 and 143 [42]. In the present study, scores < 78 and between 19 and 25 for the
RBANS and the MoCA, respectively, were desirable for enrolment.

2.3.2. Specific Cognitive Domains

Additional assessments of specific cognitive domains were performed using the Cambridge
neuropsychological test automated battery (CANTAB) Connect Research Software (Cambridge
Cognition, Cambridge, UK) [43]. This computerized software program was performed on an iPad and
required a finger-operated response. This technology has been previously tested and validated in older
adult population groups [44]. The CANTAB protocol [45] was followed in the administration of the
test battery and was used to assess comprehension, executive function (working memory), attention
(reaction time) and episodic memory at baseline and follow-up visits. Table 1 provides an overview of
the CANTAB tests performed.

Spatial memory was also assessed at the screening stage only using the 4 mountains test (4MT) [46].
Using a delayed match-to-sample paradigm, memory for the topographical layout of 4 mountains within
a computer-generated landscape is tested. Individuals were asked to recall the spatial configuration of
a total of 15 sets of computer-generated landscapes from a shifted viewpoint, which is designed to
reflect the role of the hippocampus in spatial cognition. This computerized assessment was performed
on an iPad and required a finger operated response. The test takes approximately 20 min to complete
and has been used previously among individuals with MCI and AD [47]. A study by Moodley and
colleagues [48] suggested that a total 4MT score of ≤8 was associated with 100% sensitivity and 90%
specificity for detecting early AD when tested in a UK population, and associated with 100% sensitivity
and 50% specificity for detection of MCI and AD when tested in an Italian population group.
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2.4. Assessing Functional Ability

The BADLS is an informant-based, 20-item questionnaire designed to measure the ability of an
individual with dementia to carry out activities of daily living such as washing, dressing, preparing
food and using transportation [49,50]. It is sensitive to changes in dementia and is regularly used
as an outcome measure in clinical trials, where it is world leading as a dementia-specific measure.
This outcome is among those recommended by a consensus recommendation of outcome scales for
non-drug interventional studies in dementia [51]. A higher score was desirable for this assessment.
The AQ is an informant-based screening tool used to detect cognitive impairment. It is regarded as a
time efficient and sensitive measure for detecting MCI using structured interview-based questions.
The AQ consists of 21 yes/no questions in a weighted format relevant to five different domains: memory,
orientation, functional ability, visuospatial and language. The total score is calculated by summing
the number of items with a “yes” response. Clinical symptoms known to be highly predictive of AD
are given a greater weight in the total score. A score between 5 and 14 points was desirable for this
assessment. The AQ has been previously validated and has shown high sensitivity and specificity for
detecting MCI [52,53].

2.5. Assessing Nutritional Status

2.5.1. Macular Pigment

The carotenoids L, Z and MZ are preferentially concentrated in the central retina (macula lutea,
which is part of the central nervous system) where they are collectively referred to as macular pigment
(MP). MP was measured by dual-wavelength autofluorescence (AF) using the Spectralis HRA+OCT
MultiColor (Heidelberg Engineering GmbH, Heidelberg, Germany). Pupillary dilation was performed
prior to measurement and patient details were entered into the Heidelberg Eye Explorer (HEYEX
version 1.7.1.0) software. Dual-wavelength AF in this device uses two excitation wavelengths; one that
is well absorbed by MP (486 nm, blue) and one that is not (518 nm, green) [54]. The following acquisition
parameters were used: high speed scan resolution, two seconds cyclic buffer size, internal fixation,
30-s movie and manual brightness control. Alignment, focus and illumination were first adjusted in
infrared mode. Once the image was evenly illuminated, the laser mode was switched from infrared
to blue plus green laser light AF. Using the HEYEX software, the movie images were aligned and
averaged, and a MP density map was created. MPOV, calculated as MP average times the area under
the curve out to 7◦ eccentricity [55], is reported here. This system has recently been validated by our
research center [56].

2.5.2. Skin Carotenoid Score

Carotenoid concentrations were also measured using the Pharmanex® BioPhotonic Scanner
(Salt Lake City, UT, USA). This scanner measures carotenoid levels in human tissue at the skin
surface using optical signals (resonant Raman spectroscopy). These signals identify the unique
molecular structure of carotenoids, allowing their measurement without interference by other
molecular substances. The individual was asked to place a specific point (between the maximal
and distal palmar creases, directly below the fifth finger) of their right hand (previously cleaned with
hand sanitizer) in front of the scanner’s low-energy blue light for 30 s. From this, a skin carotenoid
score (SCS) was generated. This provided an indication of the individual’s overall antioxidant levels.
This was repeated twice more, and an average score was calculated. Based on this result, an individual’s
score can be classified into three ranges: 0–29,000 = low; 30,000–49,000 = normal; ≥50,000 = high.
This technology is safe and has been previously validated [57].
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2.6. Biochemical Analysis of Serum Xanthophyll Carotenoids and Vitamin E

2.6.1. Serum Extraction

Non-fasting blood samples were collected at each study visit by standard venipuncture techniques.
SST II Advance blood collection tubes (8.5 mL) were inverted at least 5 times to ensure thorough mixing
of the silica clot activator. The blood samples were left to clot for 30 min at room temperature and then
centrifuged at room temperature at 725 g for 10 min in a Gruppe GC12 centrifuge (Desaga Sarstedt, UK)
to separate the serum from the whole blood. Following centrifugation, serum was transferred to
light-resistant microtubes and stored at circa −80 ◦C until extraction. Xanthophyll carotenoids and
α-tocopherol were extracted from serum samples as previously described [58] and analyzed by high
performance liquid chromatography (HPLC).

2.6.2. Lutein, Zeaxanthin and α-Tocopherol Quantification (Assay 1)

The chromatographic analysis of carotenoids and α-tocopherol was performed on an Agilent
1260 Series HPLC (Agilent Technologies Limited, Santa Clara, CA, USA) equipped with a quaternary
pump, autosampler, thermostat column compartment and a photodiode array detector monitoring a
wavelength of 450 nm for serum carotenoids and 292 nm for α-tocopherol and the internal standard
(IS) α-tocopheryl acetate. The dried samples were reconstituted in 0.2 mL of Methanol:MTBE (9:1, v/v),
vortexed at the lowest setting for 1 min and pipetted into HPLC vials containing 0.35 mL glass inserts.
0.1 milliliters of each sample was injected in a C30 carotenoid column (250 × 4.6 mm i.d., 3 μm; YMC
Europe, Dinslaken, Germany) with a guard column of the same chemistry. HPLC mobile phase A
consisted of methanol:MTBE:water (83:15:2, v/v), and mobile phase B consisted of methanol:MTBE:water
(8:90:2, v/v), both with 0.1% BHT. At a flow rate of 1 mL min−1, the gradient initiated at 5% solvent
B and increased to 20% in the first 12 min, to 55% over the next 8 min and to 95% over the next
7 min. From 27–30 min, solvent B was held at 95%, and then resumed to initial setting within 3 min.
Separations were carried out at 16 ◦C. Total Z from each sample was automatically collected by the
fraction collector in amber eppendorfs.

2.6.3. Meso-Zeaxanthin Quantification (Assay 2)

Total Z collected in HPLC system 1 was dried in a vacuum centrifuge and re-suspended in
0.2 mL of hexane:isopropanol (90:10, v/v). 0.1 milliliters of the sample was analyzed on another
Agilent 1260 Series HPLC system equipped with a Diode Array Detector, binary pump, degasser,
thermostatically controlled column compartment and thermostatically controlled high-performance
autosampler. The column used for the separation of the stereoisomers of Z was a Daicel Chiralpak
IA-3 column, composed of amylose tris (3,5-dimethylphenylcarbamate) bonded to 3 mm silica gel
(250 × 4.6 mm i.d.; Chiral Technologies Europe, Cedex, France). The column was protected with a
guard column containing a guard cartridge with the same chemistry of the column. Isocratic elution
was performed with hexane:isopropanol (90:10, v/v) at a flow rate of 0.5 mL min−1. The column
temperature was set at 20 ◦C.

Quantification was performed by constructing a calibration line for each xanthophyll carotenoid
analyzed and for α-tocopherol. For each compound of interest, at least five calibration standards
were quantified using a UV-Vis spectrophotometer UVmini-1240 (Shimadzu, Kyoto, Japan) with the
appropriate molar extinction coefficient (see Appendix A Table A3). These calibrators were analyzed
using HPLC system 1 in triplicate, whereas the calibrator of lowest concentration was injected 10 times
in order to experimentally calculate the lower limit of quantification (LLOQ) for the compound. The
upper limit of quantification (ULOQ) was allocated as the calibrator of highest concentration of each
calibration curve analyzed in triplicate (see Appendix A Table A4). Where possible, subject samples that
displayed an area in the HPLC chromatogram below the LLOQ or above the ULOQ were re-analyzed
in order to obtain an area within the range of the calibration line. If after re-analysis the area of the
analyte of interest remained below the LLOQ, this analyte in the subject was marked as ‘below LLOQ’.
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In order to determine the efficiency and precision of the xanthophyll carotenoid and α-tocopherol
quantification methodology, analyte recovery analysis, precision analysis and trueness of sample
recovery were performed. Details of this analysis are outlined in the Appendix A section.

2.7. Biochemical Analysis of Plasma Omega-3 Fatty Acids

2.7.1. Plasma Extraction

Lithium heparin blood collection tubes (6 mL) were inverted 8–10 times to ensure thorough mixing
and were centrifuged at 4 ◦C at 3000 rpm for 20 min in a 3–18 K centrifuge (Sigma-Aldrich, St. Louis,
MO, USA) to separate red blood cells and plasma. The time of blood collection and time of separation
did not exceed 2 h. Following centrifugation, all samples were transferred to light-resistant microtubes
and stored at circa −80 ◦C until the time of analysis. Plasma ω-3FA analysis was performed by gas
chromatography (GC). Fatty acid methyl esters (FAME) were prepared as previously described [59].
Briefly, 50 μL of plasma were spiked with 20 μL of 2 mg/mL methyl tricosanoate (Larodan, Solna,
Sweden) to assess FAME recovery and saponified with 2 mL of freshly prepared methanolic KOH
0.4 M during 10 min with gentle vortexing at room temperature. The samples were extracted three
times with 2 mL of hexane and the combined extracts were dried in a vacuum centrifuge. The pellets
were esterified with 2 mL of freshly prepared 5% methanolic sulfuric acid (v/v) at 80 ◦C for 30 min in
a thermo-block. The FAME produced were extracted three times with 2 mL of hexane and dried in
the vacuum centrifuge. The samples were resuspended in 0.4 mL of hexane containing 0.1 mg/mL of
methyl heneicosanoate (Larodan) to assess the matrix effect and prepared for GC analysis. Methyl
tricosanoate and methyl heneicosanoate 0.1 mg/mL were injected in triplicate to assess recovery and
matrix effect, respectively.

2.7.2. DHA and EPA Quantification

FAME were quantified by GC coupled to flame ionization detector (GC-FID) with an Agilent
7890B Gas Chromatographer, using a Thermo 260M142P column (cyanopropylphenyl-based phase,
30 m length, 0.25 mm inner diameter and 0.25 μm film thickness). Nitrogen was used as the carrier
gas with a flow rate of 1.5 mL/min and an electronic pressure control at 20.8 psi. Temperature ramp
started at 140 ◦C and was held for 1 min, then followed by an increase of 6 ◦C min−1 until 210 ◦C,
an increase of 2.5 ◦C min−1 until 230 ◦C and finally an increase of 10 ◦C min−1 until 240 ◦C, which was
maintained for 5 min. Total run time was 26.7 min, with post run temperature at 50 ◦C and maximum
temperature at 250 ◦C. FAME were identified by comparison with the authentic standard Mixture
ME 1220 (Larodan). For FAME quantification, an RF was calculated as follows: a calibration line for
methyl docosanoate, methyl undecanoate, methyl heptadecanoate, methyl heneicosanoate, methyl
tricosanoate and EPA was prepared with a concentration range of 0.0025–0.5 mg/mL and analyzed
in the GC. The resulting calibration lines were forced to pass through the origin of the axes, and the
resulting slopes were averaged. The resulting RF was 0.1572 ± 0.0125.

2.8. Additional Biochemical Analysis

Serum and plasma samples were also collected to measure sodium, potassium, chloride, creatinine,
total cholesterol, triglycerides, HDL, LDL, folate, vitamin B12, homocysteine, C-reactive protein, thyroid
stimulating hormone, and free T4 (see Table A9 in the Appendix A section). One K2EDTA blood
collection tube (3 mL) was also used for whole blood analysis. The sample was inverted 8–10 times
and refrigerated at 4 ◦C until sample collection (2–24 h later). This additional analysis was performed
by an accredited medical testing service provider (Eurofins Biomnis, Dublin, Ireland).

2.9. Demographic, Health and Lifestyle Data

Demographic, health and lifestyle data, medical history and medication use were recorded via
questionnaire. Height and weight measurements were recorded to calculate body mass index (BMI)
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(kg/m2). Smoking status was classified into never (smoked < 100 cigarettes in lifetime), past (smoked
≥ 100 cigarettes in lifetime and none in the past year) or current (smoked ≥ 100 cigarettes in lifetime
and at least 1 cigarette in the last year) smoker. Alcohol consumption was measured in unit intake
per week. One unit of alcohol (10 mL) was the equivalent to one of the following: a single measure
of spirits (ABV 37.5%); half a pint of average-strength (4%) lager; two-thirds of a 125 mL glass of
average-strength (12%) wine; half a 175 mL glass of average-strength (12%) wine; a third of a 250 mL
glass of average-strength (12%) wine. Color fundus photographs were taken to assess the presence of
ocular pathology (Zeiss Visucam 200, Carl Zeiss Meditec AG, Jena, Germany).

2.10. Statistical Analysis

The statistical package IBM SPSS version 25 was used and the 5% significance level applied for all
analyses. Given that data were not normally distributed, the small sample size and the presence of
ranked data, a non-parametric approach was taken. Results were expressed as median (inter quartile
range [IQR]) for all variables. Between-group differences (i.e., active versus placebo) were analyzed
using Mann–Whitney U, Wilcoxon Signed Rank or Chi-square tests, as appropriate. The Mann–Whitney
U test was also used to examine the significance of change in nutrition variables over time between
active and placebo intervention groups. Significance values were not computed to examine change
in cognition or vision variables over time between both groups due to a lack of statistical power and
the small magnitude of change over time observed for these variables. As an alternative, the average
percentage change per subject was reported. Of note, percentage change could not be calculated for
some variables (e.g., episodic memory) as baseline values were recorded as 0. Thus, the average change
per subject was reported.

3. Results

3.1. Baseline Results

Table 2 presents the baseline demographic, health and lifestyle data for active and placebo
intervention groups. Table 3 presents the baseline cognitive function and functional ability for active
and placebo intervention groups. Baseline variables were statistically comparable between both groups,
with the exception of the number of between errors (p = 0.006) and total errors (p = 0.012) made at
stage 8 of the SWM tasks, which were significantly higher in the active group. Additionally, creatinine
levels were significantly higher in the active group at baseline (p = 0.008), but were within normal
ranges (see Table A9 in the Appendix A section). No comprehension or sensorimotor difficulties were
observed during the CANTAB assessment (see Materials and Methods section), as the motor screening
task (MOT) latency assessment was completed by all individuals at baseline and follow-up. No adverse
events were reported by individuals in the active or placebo intervention groups during the trial.

3.2. Observed Change in Nutritional Status

Table 4 summarizes the observed change in nutrition variables for both groups following the
12-month intervention period. Figure 2A–C illustrate the observed changes in MPOV, serum L
concentrations and plasma DHA concentrations, respectively. Individuals in the active intervention
group exhibited statistically significant improvements in MPOV (62% improvement versus 2% decline
for active and placebo groups, respectively; p = 0.001) and SCS (79% improvement versus 2%
improvement for active and placebo groups, respectively; p = 0.014) in comparison to individuals in
the placebo group. In terms of biochemical response, individuals in the active intervention group
exhibited statistically significant improvements in serum carotenoid concentrations of L and MZ,
as well as statistically significant improvements in plasma concentrations of DHA (p < 0.05, for all) in
comparison to individuals receiving placebo. Serum Z and plasma EPA levels increased in both groups;
however, results were not statistically significant (p > 0.05, for all). A mixed response to vitamin E

358



J. Pers. Med. 2020, 10, 43

supplementation was observed in blood, where levels decreased (−4%) over 12 months in the active
intervention group and increased slightly (+1%) in the placebo group.

3.3. Observed Change in Global Cognition

Table 5 shows trends in improvements (ranging from 6% to 18%) in global cognition (as per
the RBANS assessment tool) in the active intervention group after 12 months. Specifically, trends in
improvements were observed in the immediate memory, attention and delayed memory domains, as
well as the total scale score. minor declines were denoted in the visuospatial and language domains (both
by 1%). Global cognition results were mixed in the placebo group. Immediate memory, visuospatial
and attention domains of the RBANS remained unchanged while language, delayed memory and total
scale scores improved after 12 months. Further analysis of the RBANS delayed memory domain in the
placebo group suggested that the observed improvement (i.e., a 14% improvement) was driven by one
subject. When this subject was removed, an improvement of 4% was denoted. As an example, Figure 3
shows the change in individual scores recorded for the immediate memory domain of the RBANS in
both groups.

Table 2. Baseline demographic, health and lifestyle data of active and placebo intervention groups.

Variable
Active (n = 10)
Median (IQR)

Placebo (n = 9)
Median (IQR)

Sig.

Demographic data
Age (years) 73.5 (69.5–80.5) 72.0 (69.5–75.5) 0.549

Sex ([n]; [% female]) 5 (50.0%) 8 (88.9%) 0.069
Education (years) 17.5 (15.5–21.0) 15.0 (15.0–16.5) 0.095

Health and lifestyle data
Medications 6.0 (3.0–8.3) 5.0 (2.0–5.5) 0.133

Exercise (min/week) 217.0 (0–326.3) 210.0 (45.0–375.0) 0.720
Smoking ([n]; [%]) 0.463

Never 5 (50%) 6 (66.7%)
Past 5 (50%) 3 (33.3%)

Current 0 0
Alcohol consumption

([n]; [%]) 0.473

0 units 5 (50.0%) 4 (44.4%)
1 unit 3 (30.0%) 2 (22.2%)

2–5 units 0 2 (22.2%)
6–10 units 2 (20.0%) 1 (11.2%)
>10 units 0 0

BMI (kg/m2) 26.3 (25.8–30.7) 26.7 (25.1–27.8) 0.720

Nutritional status
MPOV 6987 (2969–9080) 4682 (3740–7311) 0.497

SCS 4.20 (3.75–5.60) 4.65 (4.23–5.40) 0.541
Serum L 1.72 (1.03–2.21) 1.32 (1.04–1.86) 0.815
Serum Z 1.34 (1.06–1.55) 2.03 (1.14–2.12) 0.236

Serum MZ 2.50 (1.85–3.50) 2.15 (1.48–3.78) 0.743
Serum vitamin E 11.0 (8.10–15.55) 8.65 (7.33–11.80) 0.236

Plasma DHA 0.80 (0.55–5.10) 0.45 (0.30–1.10) 0.236
Plasma EPA 1.52 (0.97–2.15) 1.08 (0.95–1.84) 0.541

Folate 12.10 (10.85–14.20) 11.90 (10.88–13.78) 0.888
Vitamin B12 14.10 (12.55–15.15) 12.90 (12.48–13.38) 0.236

Data displayed are median (inter quartile range) for numeric data and actual number and percentages for
categorical data; Education: age (years) completed formal education; Medications: the number of prescribed
medications consumed; Alcohol consumption: units/week: MPOV: a volume of macular pigment calculated as
macular pigment average times the area under the curve out to 7◦ eccentricity (measured using the Heidelberg
Spectralis®). SCS: skin carotenoid score (measured using the Pharmanex BioPhotonic Scanner). Serum lutein,
zeaxanthin, meso-zeaxanthin and vitamin E concentrations are expressed in μmol/L; Plasma docosahexaenoic acid
and eicosapentaenoic acid concentrations expressed in μmol/L; Serum folate concentrations expressed in ng/mL;
Serum vitamin B12 concentrations expressed in pg/mL. Serum carotenoid and vitamin E data were not available for
two individuals in the active intervention and one individual in the placebo group. Plasma DHA and EPA were not
available for one individual in the active intervention and one individual in the placebo group.
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Table 3. Baseline cognitive function and functional ability data of active and placebo intervention groups.

Variable
Active (n = 10)
Median (IQR)

Placebo (n = 9)
Median (IQR)

Sig.

Global cognition
MoCA 21.0 (18.8–24.0) 21.0 (19.0–24.0) 0.842

RBANS immediate memory 78.0 (64.0–82.5) 85.0 (72.5–98.5) 0.156
RBANS visuospatial 101.0 (92.0–109.0) 100.0 (91.5–110.5) 0.842

RBANS language 89.0 (84.5–93.0) 88.0 (82.0–92.0) 0.661
RBANS attention 81.0 (71.0–98.5) 79.0 (77.0–89.5) 0.905

RBANS delayed memory 75.0 (47.0–87.5) 71.0 (58.0–87.0) <0.999
RBANS total scale 78.0 (75.0–84.0) 82.0 (73.5–85.0) 0.497
4 mountains test 6.5 (6.0–7.8) 7.0 (5.5–7.5) 0.905

Comprehension
Latency 1165.9 (812.9–1322.2) 1152.8 (991.75–1301.5) 0.842

Total errors 0 0 0.720

Working memory
Between errors

Stage 4 1.0 (0.8–2.0) (1.0–2.5) 0.497
Stage 6 6.0 (4.3–7.5) 6.0 (6.0–7.0) 0.497
Stage 8 16.0 (15.0–17.0) 12.5 (11.0–14.0) 0.006

All stages 21.5 (21.0–26.5) 20.0 (18.0–22.5) 0.182
Total errors

Stage 4 (0.8–2.0) 2.0 (1.0–2.5) 0.447
Stage 6 6.0 (4.3–7.5) 6.0 (6.0–7.0) 0.497
Stage 8 16.5 (15.0–17.3) 13.0 (11.0–14.8) 0.012

All stages 21.5 (21.0–28.3) 22.0 (18.0–22.5) 0.447
Strategy 10.0 (9.0–11.3) 9.0 (8.5–10.0) 0.315

Reaction time
Simple reaction time 382.4 (370.7–463.6) 372.9 (354.9–411.5) 0.356

Simple movement time 296.5 (249.6–336.6) 318.9 (277.3–352.3) 0.497
Simple error score 2.0 (0.8–3.5) 1.0 (0–3.0) 0.400

Five-choice reaction time 458.1 (415.7–510.3) 435.1 (406.5–485.5) 0.549
Five-choice movement time 310.3 (286.5–367.0) 313.0 (294.2–335.4) <0.999

Five-choice error score 0.5 (0–1.3) 1.0 (0–2.0) 0.549

Episodic memory
First attempt memory score 4.0 (3.5–5.5) 4.0 (2.5–6.5) 0.905

No. patterns reached 6.0 (4.0–6.5) 6.0 (4.0–6.0) 0.549
Total errors adjusted stage 2 0 (0–0.3) 0 (0–0.5) 0.905
Total errors adjusted stage 4 6.0 (2.3–8.8) 6.0 (0.5–9.5) 0.780
Total errors adjusted stage 6 18.5 (12.3–20.0) 20.0 (14.5–20.0) <0.999
Total errors adjusted stage 8 28.0 (25.3–28.0) 28.0 (28.0–28.0) 0.720

Total errors adjusted all stages 52.5 (42.8–59.0) 48.0 (45.0–58.0) 0.780

Functional ability
BADLS 20.0 (15.5–20.0) 20.0 (20.0–20.0) 0.243

AQ 8.0 (4.8–13.8) 5.0 (2.5–8.0) 0.113

Data displayed are median (inter quartile range); MoCA: Montreal Cognitive Assessment; RBANS: Repeatable
Battery for the Assessment of Neuropsychological Status; BADLS: Bristol Activities of Daily Living Scale; AQ:
Alzheimer’s Questionnaire.
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(C) 

Figure 2. (A) Box plots illustrating change in MPOV over 12 months for active and placebo
intervention groups. (B) Box plot illustrating change in serum lutein over 12 months for active
and placebo intervention groups. (C) Box plot illustrating change in plasma DHA over 12 months for
active and placebo intervention groups.
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Figure 3. Dot plots illustrating change in individual scores recorded for the immediate memory domain
of the RBANS for active and placebo intervention groups.

3.4. Observed Change in Episodic Memory

Table 6 shows trends in improvements in episodic memory in the active intervention group
where individuals consuming the nutritional supplement recorded fewer errors at the latter (and more
challenging) stages of the paired associated learning (PAL) task in comparison to individuals in the
placebo group where scores either remained unchanged or worsened. A minimal improvement (+1%)
in the first attempt memory score was also observed among individuals in the active group while
individuals in the placebo group declined slightly (by 1%).

3.5. Observed Change in Working Memory

Table 7 summaries the observed changes in working memory following the 12-month intervention
period. For both groups, all tasks that assessed working memory either remained unchanged or
worsened over the 12-month study period, with the exception of the number of between and total
errors made at stage 8 which improved slightly (by two points each) among individuals in the active
intervention group and the number of total errors made at stage 4 of the SWM task, which improved
slightly (by one point) among individuals in the placebo group. Of note, individuals in the placebo
group recorded significantly fewer between and total errors at stage 8 of the SWM tasks at baseline.

3.6. Observed Change in Reaction Time

Table 7 also shows the observed changes in reaction time following the 12-month intervention
period. Results for reaction times were also mixed for both groups. Trends in improvements in
simple reaction time were observed in both groups (by an average of 2 milliseconds [ms]). In addition,
trends in improvements in five-choice reaction time (by an average of 20 ms) were observed among
individuals in the active intervention group while declines (by an average of 12 ms) were recorded
among individuals receiving placebo. Both simple and five-choice movement times declined in
both groups (by an average of 13 ms and 29 ms for active and placebo groups, respectively) with
overall trends suggesting a lesser decline among individuals in the active intervention group. Finally,
error scores for all reaction time assessments remained unchanged with the exception of the number
of errors made during the five-choice reaction time assessment, which declined (by one point) in the
placebo group (see Table 7).
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4. Discussion

Given that ω-3FAs, xanthophyll carotenoids, and vitamin E are present in brain tissue, and given
their ability to attenuate mechanisms involved in the pathogenesis of AD (namely oxidative stress
and neuro-inflammation), it is likely that they play an important neuroprotective role by maintaining
and optimizing cognition and reducing the risk of cognitive decline. Importantly, previous studies
have shown that cognitively impaired individuals are deficient in these key nutritional compounds
in comparison to cognitively healthy individuals. Therefore, it is likely that specific population
groups, such as individuals with MCI, will benefit from nutritional intervention. CARES Trial 1 was a
parallel group, double-blind, placebo-controlled, randomized clinical trial designed to examine the
effect of targeted nutritional intervention on cognitive performance among individuals with MCI.
Following 12-month supplementation with a combination of ω-3FAs (DHA and EPA), xanthophyll
carotenoids (L, Z and MZ), and vitamin E (α-tocopherol), this exploratory study identified trends
in improved performance in episodic memory, immediate memory, attention and delayed memory
among individuals with clinically confirmed MCI.

4.1. Significance and Interpretation of Findings

This exploratory study is the first of its kind to examine the impact of a combination of ω-3FAs,
xanthophyll carotenoids, and vitamin E on cognition in individuals with MCI. Previous studies have
examined the effects of varying combinations of nutritional compounds on the cognitive health of
individuals with MCI (see [60] for a review). While many of the studies included in the review
performed by Solfrizzi and colleagues [60] observed reductions in brain atrophy in individuals with
MCI, no positive effects on cognition were found, with the exception of [61] where improvements in
the dementia rating scale were reported following 6-month consumption of a combination of vitamin
B12, α-tocopherol, s-adenosylmethionine, N-acetylcysteine and acetyl-L-carnitine. Interestingly,
supplementation with ω-3FAs alone have yielded positive results among individuals with MCI.
A meta-analysis of 15 interventional trials suggested a benefit of DHA supplementation in terms of
improving episodic memory among mildly impaired individuals [62]. Other studies have also reported
benefits in memory (episodic, short-term, working, and immediate verbal), processing speed, and
attention [63–65] following ω-3FA supplementation. In contrast, supplementation with vitamin E is
less promising as, currently, no improvements in cognitive performance have been observed in MCI
samples [66] and none have examined the impact of xanthophyll carotenoid supplementation alone on
cognition in individuals with MCI. Importantly, to date, none have examined the potential synergistic
effect of the ω-3FAs DHA and EPA, the xanthophylls L, Z and MZ, and vitamin E in the α-tocopherol
form on cognitive function among individuals with MCI.

In the present exploratory study, individuals with MCI in the active intervention group responded
positively to 12-month nutritional supplementation in terms of statistically significant improvements in
tissue carotenoid concentrations, as well as statistically significant increases in blood concentrations of
serum L, serum MZ and plasma DHA. Of note, individuals in the active intervention group responded
poorly to vitamin E (α-tocopherol) supplementation. Reasons underlying the poor vitamin E response
following supplementation remain unclear. While in accordance with international recommended
dietary allowances (RDAs) [67,68], it is possible that the daily dosage of vitamin E (i.e., 15 mg) used in
the present study was too low (in comparison to other interventional studies (e.g., [69,70]) to have any
meaningful effect.

Most of the positive outcomes identified in the present exploratory study relate to performance
in tasks assessing memory. Memory deficits, which involve difficulties with the encoding, storage
and retrieval of information, are commonplace among individuals with MCI. Specifically, impairment
in episodic memory has been frequently documented in MCI and is an inherent feature of amnestic
MCI [71,72]. Episodic memory refers to the ability to learn, store and retrieve information about
experiences that occurred at a particular time and place (e.g., remembering where you parked your car
in a multi-story carpark, remembering the details of a family event attended in the past few weeks [73]).
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Encoding, retention and retrieval difficulties are likely due to changes in the relevant neurocircuitry
including frontal, temporal and medial temporal lobe regions, the hippocampus and adjacent cortical
areas [74,75].

4.2. Neurobiological Mechanisms

The brain is a lipid-dense organ containing large amounts of ω-3FAs (and DHA in particular) [76].
Additionally, xanthophyll carotenoids selectively accumulate in brain tissue including frontal and
temporal cortices. Ω-3FAs are considered to play an important role in neurological health. It has been
suggested that DHA plays an important role in the control and resolution of neuro-inflammation.
This role is performed by a number of pathways, including being converted into bioactive lipid
metabolites such as endocannabinoid epoxides (molecules that are responsible for antiangiogenic
effects, vasodilatory actions, and regulation of platelet aggregation) [77]. It has also been suggested that
DHA downregulates the expression of genes involved in the synthesis of pro-inflammatory eicosanoids
produced from the ω-6FA arachidonic acid [78]. Despite EPA being stored in the brain in low amounts,
it has been demonstrated that this fatty acid is important for neural efficiency. This suggests that
EPA may positively influence pathways that regulate high-order cognitive functions [79]. It has also
been suggested that EPA can facilitate enzymatic processes required to inhibit neuronal damage from
inflammation and oxidative stress [80].

Additionally, xanthophyll carotenoids are premised to be neuroprotective primarily owing to
their antioxidant properties. Due to their conjugated double-bond structure, carotenoids are efficient
scavengers of reactive oxygen species [81]. The lipid solubility of carotenoids also enables them
to reduce the susceptibility of cellular membranes and lipoproteins to oxidative damage through
free-radical scavenging [82]. L and Z have been shown to positively impact neural efficiency [83,84]
and cellular communication via gap junctions [85]. Carotenoids can also combat inflammation.
For example, it has been shown that carotenoids are involved in the modulation of inflammatory cells
and pro-inflammatory enzymes, the downregulation of pro-inflammatory molecule production, and
the attenuation of inflammatory gene expression [86].

While it cannot be asserted that improvements in specific cognitive domains (as a result of
supplementation for example) necessarily negates any pre-existing risk for going on to develop AD,
nevertheless it is reasonable to hypothesize that the observed improvements in the encoding and
memory retrieval process among individuals consuming the nutritional intervention may reflect
favorable changes in the physiological functionality, structural integrity and synaptic activity of brain
regions involved in memory, and that these favorable changes may be attributable to the enrichment
of the aforementioned nutritional compounds. Moreover, the observed trends in improvements in
cognitive outcomes may help to favorably alter the risk profile of these individuals for further cognitive
decline in the future by enriching the neurocognitive environment.

4.3. Strengths and Limitations

Strengths of CARES Trial 1 include a comprehensive assessment of MCI using sensitive
and validated diagnostic measurement tools at screening, enrolment and follow-up assessments.
Furthermore, the use of a consensus panel provided in-depth characterization of all individuals and the
implementation of robust inclusion and exclusion criteria ensured a clean dataset. The interpretation,
analysis and generalizability of results from CARES Trial 1 were limited due to the lack of statistical
power in the trial. In order to ensure sufficient statistical power to test the proposed research hypothesis,
CARES Trial 1 aimed to recruit 60 individuals with MCI. In order to achieve this target (and allowing
for a 10% attrition rate), it was anticipated that a large number of individuals would have to be
screened. Despite increased attempts, the identification and recruitment of individuals with MCI
proved extremely challenging. The high rate (30%) of individuals who chose not to participate (despite
their eligibility) and high attrition rate (as illustrated in Figure 1) were unforeseen and highlights
the challenges of conducting research in the MCI population. A number of attempts were made to
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address the challenges of identifying and enrolling individuals with MCI. These included widening
the recruitment catchment area from one city (i.e., Waterford, Ireland) to the entire South-East region of
Ireland and hosting briefing meetings with the relevant consultant geriatricians and psychiatrists of
old age in the region. Repeated written communication was also carried out to remind the relevant
consultant geriatricians and psychiatrists of old age in the region about the clinical trial (including the
project aims and inclusion criteria). Despite increased attempts, MCI baseline numbers remained low
and drop-out rates remained high.

The small sample size of CARES Trial 1 also precluded the study from comparing MCI subtypes
(i.e., amnestic versus non-amnestic) and examining potential relationships between nutritional status
and cognitive outcomes. CARES Trial 1 may also be subject to selection bias, given that individuals were
primarily recruited from the clinic setting. Finally, depressive symptoms were not assessed at screening.
However, depression under active review was part of the exclusion criteria and may counteract
this perceived limitation. Despite these limitations, this exploratory study provides encouraging
preliminary data. We have shown that individuals with MCI respond (in tissue and in blood) to
targeted nutritional supplementation. Additionally, we have observed trends in improved performance
in tasks assessing episodic memory and global cognition (namely immediate memory, delayed memory
and attention).

5. Conclusions

In conclusion, the present exploratory study has identified trends in improved performance in
episodic memory and global cognition among individuals with clinically confirmed MCI following
12-month targeted nutritional supplementation with a combination of ω-3FAs, xanthophyll carotenoids,
and vitamin E. Despite the heterogeneity of MCI, studying individuals with this condition provides
a unique opportunity to examine the efficacy of nutrition as a preventative approach in slowing the
progression of cognitive impairment and improving cognitive-related outcomes. Given that there has
been little clinical success with pharmacological strategies for cognitive decline and AD and given that
current thinking surrounding the amyloid hypothesis is being challenged by many in the scientific
community [87], shifting focus towards preventative approaches is timely and warranted. The results of
the present study are highly promising and highlight the potential of nutrition as a preventative strategy
for modifying or delaying MCI progression and improving cognitive outcomes. MCI presents a unique
opportunity to examine the potential of nutrition for improving cognitive outcomes in individuals at
an early stage of impairment. Despite the small sample size, this exploratory interventional work has
not only addressed a gap in the literature but has also shown that individuals with clinically confirmed
MCI respond positively to targeted nutritional supplementation. Larger-scaled and appropriately
powered interventional trials are clearly warranted to confirm this finding and to explore interactions
between nutritional compounds and cognitive status.
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Appendix A

Table A1. Composition of formulation used in CARES Trial 1 (mg/capsule).

Compound Family Compound Formulated Actual

Fatty Acids Palmitic acid (16:0) 55.44 ± 1.39
Palmitoleic acid (16:1) 0.84 ± 0.02

Stearic acid (18:0) 31.60 ± 1.02
Oleic acid (18:1n9c) 40.24 ± 0.74

Vaccenic acid (18:1n9t) 6.26 ± 0.06
Linoleic acid (18:2n6) 28.57 ± 0.78

α-Linolenic acid (18:3n3) 1.55 ± 0.03
Eicosenoic acid (20:1n7, n9, n11) 41.16 ± 0.94

Homo-γ-linolenic acid (20:3) 1.45 ± 0.04
Arachidonic acid (20:4n6) 14.20 ± 0.20

Eicosapentaenoic acid (20:5n3) 45 47.89 ± 0.69
Docosapentaenoic acid (22:5n3) 11.37 ± 0.18
Docosahexaenoic acid (22:6n3) 215 258.03 ± 2.75

Carotenoids Lutein 5 5.18 ± 0.06
Zeaxanthin 1 1.75 ± 0.03

meso-zeaxanthin 5 6.48 ± 0.24

Vitamin E α-tocopherol 7.5 6.12 ± 0.04

Total mg 558.15

Data presented as mean ± SD. Formulations analyzed in triplicate (three capsules analyzed). Average capsule
content calculated gravimetric analysis, 0.666 ± 0.001 g (n = 3).

Table A2. Concentration of fatty acids (mean ± SD, μmol/L) of plasma total lipids.

Placebo Active

V1 V2 V1 V2

Miristic acid 158.39 ± 117.06 200.19 ± 98.13 166.02 ± 89.64 147.14 ± 76.60
Palmitic acid 4040.87 ± 689.23 3976.31 ± 504.27 4088.68 ± 855.16 3794.24 ± 832.03

Palmitoleic acid 208.07 ± 80.91 223.47 ± 59.86 231.43 ± 159.19 231.81 ± 153.37
Stearic acid 1144.93 ± 154.75 1150.95 ± 105.75 1017.71 ± 186.56 938.33 ± 132.44
Oleic acid 2368.04 ± 686.01 2693.92 ± 645.78 2383.20 ± 752.13 2405.17 ± 638.84

Vaccenic acid 138.70 ± 21.46 155.97 ± 25.73 148.20 ± 46.87 137.51 ± 45.76
Linoleic acid 2398.38 ± 409.88 2584.15 ± 206.55 2452.42 ± 186.15 2428.33 ± 276.07

γ-linolenic acid 54.37 ± 19.81 51.36 ± 21.40 41.45 ± 20.50 39.65 ± 20.23
α-linolenic acid 88.09 ± 32.29 96.32 ± 46.64 112.40 ± 29.93 101.14 ± 14.93
Eicosenoic acid 493.59 ± 85.53 373.54 ± 46.86 479.94 ± 85.43 369.29 ± 33.35

Homo-γ-linolenic acid 162.94 ± 39.32 166.81 ± 43.94 134.27 ± 36.82 127.83 ± 19.35
Arachidonic acid 789.65 ± 197.72 842.89 ± 271.43 628.37 ± 208.69 588.96 ± 241.35

Eicosapentaenoic acid (EPA) 141.06 ± 43.75 167.51 ± 90.72 148.53 ± 58.71 155.60 ± 60.72
Docosapentaenoic acid (DPA) 55.21 ± 6.88 59.49 ± 16.69 50.74 ± 5.78 49.03 ± 13.64
Docosahexaenoic acid (DHA) 199.96 ± 43.11 231.64 ± 47.20 211.72 ± 56.47 325.91 ± 97.80

Data presented as mean ± SD.
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Table A3. Calibration standards used to quantify xanthophyll carotenoids and vitamin E.

Molecular
Weight

Maximum
Wavelength

Extinction
Coefficient

Solvent Reference

Lutein 568.88 444 144.8 × 103 Ethanol [88]
Zeaxanthin 568.88 450 144.2 × 103 Ethanol [89]

β-cryptoxanthin 552.85 450 135.7 × 103 Hexane [90]
α-tocopherol 430.71 292 326.5 Ethanol [91]

Molecular weight (g mol−1); Maximum wavelength (nm); Extinction coefficient (L mol−1 cm−1).

Table A4. Regression line, lower and upper limits of quantification for xanthophyll carotenoids and
vitamin E.

Compound Equation R2 LLOQ (n = 10) ULOQ (n = 3)

Lutein y = 0.0827x + 0.3409 0.9997 0.069 ± 0.0007 2.514 ± 0.003
Zeaxanthin y = 0.0793x + 1.4721 0.9998 0.048 ± 0.0003 2.487 ± 0.007

β-cryptoxanthin y = 0.0909x + 1.9363 0.9997 0.071 ± 0.0005 2.460 ± 0.007
α-tocopherol y = 0.00254x + 0.04380 0.9992 4.053 ± 0.0913 69.469 ± 1.011

LLOQ: lower limit of quantification expressed in μmol/L; ULOQ; upper limit of quantification expressed in μmol/L.

Appendix A.1 Analyte Recovery Analysis

L was used as a representative of carotenoid recovery efficiency; recovery efficiency ofα-tocopherol
was also assessed. To do this, the respective authentic standard was added to a pooled serum sample
in a concentration of 85% to 110% ULOQ. The concentration of the analyte was determined by HPLC
in this spiked sample, as well as in the pooled serum and in the prepared authentic standard separately.
The percentage of recovery of the analyte of interest was determined by adding the area of the analyte
in the prepared authentic standard and in the pooled serum, and dividing it by the area of the analyte
in the spiked sample. This determination was performed in triplicate for each analyte and on three
different days. The efficiency of the recovery of L (Table A5) was 99.4 ± 2.9 % without adjusting with the
IS, and 121.6 ± 0.7 adjusting with the IS, at a concentration 92.3 ± 10.4 % of ULOQ (n = 3). The efficiency
of recovery of α-tocopherol (Table A6) was 88.2 ± 2.1 % without adjusting with the IS, and 104.1 ± 5.8 %
adjusting with the IS, at a concentration of 100.5 ± 11.1 % of ULOQ (n = 3). These results suggested
that the method performed to quantify L was exhaustive in terms of L extraction and re-suspension
prior to HPLC analysis, but incomplete in this sense for α-tocopherol. Therefore, we did not to use
the IS to correct carotenoid concentrations, but used it to correct α-tocopherol concentrations in the
samples analysed.

Table A5. Lutein recovery assay.

Assay % ULOQ % Recovery No IS % Recovery with IS

1 81.6 99.4 122.4
2 93.0 102.2 120.9
3 102.4 96.5 121.6

Average 92.3 ± 10.4 99.3 ± 2.9 121.6 ± 0.7

ULOQ; upper limit of quantification; IS: internal standard.
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Table A6. α-tocopherol recovery assay.

Assay %ULOQ % Recovery No IS % Recovery with IS

1 88.4 86.1 97.5
2 108.8 90.2 108.6
3 103.5 88.3 106.1

Average 100.2 ± 10.6 88.2 ± 2.1 104.1 ± 5.8

ULOQ; upper limit of quantification; IS: internal standard.

Appendix A.2 HPLC Precision Analysis

The HPLC analysis of the samples were completed in four independent batches, each one
performed on a different day. Intra-day and inter-day precision of carotenoid and α-tocopherol
analysis were evaluated and quantified in an independently pooled serum sample that was analysed
at the beginning, middle and end of each daily analysis. L and α-tocopherol were analysed over
runs as witnesses of precision of HPLC analysis. L concentration in the pooled serum averaged
0.151 ± 0.004 μmol/L (Table A7), which is roughly twice the concentration of the LLOQ. Intra-day
precision in each day of analysis, expressed as the co-efficient of variation (CV) of the concentration of
each analyte was below 5% in L and α-tocopherol, which is below the 15% limit recommended by
EMA [92]. Inter-day precision was calculated averaging compound concentration of the pooled samples
in each day of analysis. The highest inter-day variability was for α-tocopherol (8.33%, Table A7),
which is also below the 15% limit recommended by EMA.

Table A7. Intra-day and inter-day precision of lutein and α-tocopherol in human serum.

μmol/L
(n; CV)

Intra-Day 1
(n = 3)

Intra-Day 2
(n = 4)

Intra-Day 3
(n = 3)

Intra-Day 4
(n = 2)

Inter-Day

Lutein 0.148 ± 0.007
(CV = 4.98%)

0.156 ± 0.003
(CV = 1.89%)

0.153 ± 0.003
(CV = 1.65%)

0.147 ± 0.002
(CV = 1.05%)

0.151 ± 0.004
(CV = 2.71%)

α-tocopherol 26.123 ± 1.095
(CV = 4.19%)

29.031 ± 0.881
(CV = 3.03%)

27.210 ± 0.697
(CV = 2.56%)

23.745 ± 1.057
(CV = 4.45%)

26.527 ± 2.209
(CV = 8.33%)

CV: co-efficient of variation.

Appendix A.3 Trueness of Xanthophyll Carotenoid Quantification

Trueness was assessed with the Certified Standard Material NIST SRM 968f, fat-soluble vitamins
in frozen human serum in two different concentrations (level 1 and level 2) using our calibration lines.
Only α-tocopherol was below the consensus value for level 1 by 17%; the rest of the compounds
were within the limits set by NIST [93] (see Table A8). The IS was not used to calculate carotenoid
concentrations, but it was used to calculate α-tocopherol concentration.

Table A8. Trueness of xanthophyll carotenoid quantification.

Compound
NIST Concentration (μmol/L)

Level 1
(NIST Consensus Values)

Level 2
(NIST Consensus Values)

Total lutein 0.035 (0.036 ± 0.010) 0.075 (0.087 ± 0.037)
Total lutein + zeaxanthin 0.053 (0.052 ± 0.006) 0.106 (0.115 ± 0.019)

β-cryptoxanthin 0.030 (0.030 ± 0.008) 0.038 (0.044 ± 0.017)
α-tocopherol 4.114 (5.15 ± 0.21) 11.508 (11.85 ± 0.73)

NIST: National Institute of Standards and Technology. Experimental vs. Consensus values (in brackets) equated to
the mean of the value of the compound ± expanded uncertainty (U95%).
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Table A9. Additional biochemical assessments measured in active and placebo intervention groups.

Variable
Active (n = 10)
Median (IQR)

Placebo (n = 9)
Median (IQR)

Sig.

Cholesterol (mmol/L) 4.20 (3.75–5.60) 4.65 (4.23–5.40) 0.541
Triglycerides (mmol/L) 1.72 (1.03–2.21) 1.32 (1.04–1.86) 0.815

HDL (mmol/L) 1.34 (1.06–1.55) 2.03 (1.14–2.12) 0.236
LDL (mmol/L) 2.50 (1.85–3.50) 2.15 (1.48–3.78) 0.743

Homocysteine (μmol/L) 11.0 (8.10–15.55) 8.65 (7.33–11.80) 0.236
C-reactive protein (mg/L) 0.80 (0.55–5.10) 0.45 (0.30–1.10) 0.236

TSH (ulUml) 1.52 (0.97–2.15) 1.08 (0.95–1.84) 0.541
Free T4 (pmol/L) 12.10 (10.85–14.20) 11.90 (10.88–13.78) 0.888

Haemoglobin (g/dL) 14.10 (12.55–15.15) 12.90 (12.48–13.38) 0.236
Sodium (mmol/L) 138.0 (137.50–140.0) 139.0 (138.0–140.0) 0.743

Potassium (mmol/L) 4.15 (3.88–4.83) 4.20 (4.05–4.50) 0.999
Chloride (mmol/L) 101.0 (98.0–104.0) 102.0 (97.0–103.75) 0.999
Creatinine (μmol/L) 74.0 (70.0–86.50) 63.5 (57.5–68.75) 0.008

Data displayed are median (inter quartile range): HDL: high-density lipoprotein; LDL: low-density lipoprotein;
Free T4: Free thyroxine; TSH: thyroid stimulating hormone. Additional biochemical assessments were not obtained
for one individual in the active intervention group and one individual in the placebo group.
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Abstract: Introduction: Semantic memory is impaired in mild cognitive impairment (MCI). Two main
hypotheses about this finding are debated and refer to the degradation of stored knowledge versus the
impairment of semantic access mechanisms. The aim of our study is to evaluate semantic impairment
in MCI versus healthy subjects (HS) by an experiment evaluating semantic priming. Methods: We
enrolled 27 MCI and 20 HS. MCI group were divided, according to follow up, into converters-MCI and
non converters-MCI. The semantic task consisted of 108 pairs of words, 54 of which were semantically
associated. Stimuli were presented 250 or 900 ms later the appearance of the target in a randomized
manner. Data were analyzed using factorial ANOVA. Results: Both HS and MCI answered more
quickly for word than for non-word at both stimulus onset asynchrony (SOA) intervals. At 250 ms,
both MCI and HS experienced a shorter time of response for related-word than for unrelated words
(priming effect), while only the converters-MCI subgroup lost the priming effect. Further, we observed
a rather larger Cohen’s d effect size in non converters-MCI than in converters-MCI. Conclusion: Our
data, and in particular the absence of a semantic priming effect in converters-MCI, could reflect the
impairment of semantic knowledge rather than the accessibility of semantic stores in MCI individuals
that progress to dementia.

Keywords: Alzheimer disease; semantic priming; mild cognitive impairment

1. Introduction

Alzheimer’s disease (AD) is a degenerative process that, in its typical evolution, proceeds in the
early stages from the medial perirhinal cortex to the entorhinal, and finally, the hippocampus cortex [1].
Memory disorders are consequently the first symptoms of the disease and episodic memory has been
always considered a neuropsychological diagnostic marker of AD. Since the medial perirhinal cortex is
deeply involved in the organization of item recollection and general knowledge, it is conceivable that
impairment of semantic memory could precede that of episodic memory in the early stages of AD [2].
As a matter of fact, subjects with mild AD experienced lower scores on tests of object naming [3–5],
and categorical verbal fluency [2,6–8]. Moreover, low performances in different semantic memory
tasks have been also reported in mild AD [9–12], with categorical verbal fluency tasks being found
impaired in mild cognitive impairment (MCI) [13,14]. Some authors focused on specific deficits of
semantic memory emphasizing the presence of an early and specific deficit in naming and knowing of
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famous people in MCI patients [15]. Other authors explored specific linguistic markers of degradation
of the semantic system, such as frequency, age of acquisition (AoA), familiarity and typicality of the
words produced in both category fluency tasks [16–18] or procedural speaking in famous writers [19].
Most studies have shown that AD and MCI patients tend to produce, as the disease progresses, more
frequent, more typical and early acquired words [20–24].

Nevertheless, the nature of semantic impairment in the early stage of AD is still controversial.
Two main hypotheses have been suggested. The first refers the semantic memory deficits to progressive
degradation of the stored knowledge; the second suggests an inability of patients to timely recollect the
semantic knowledge cause of a deficit of the mechanism that guarantees the access to the information.
In this latter case, executive and phonological verbal mechanisms are hypothesized, and worse category
fluency was interpreted as a deficit in access to semantic system [25].

The two explanation are not mutually exclusive and probably describe a simple progression of
the degradation of the semantic system. Duong et al. studied both automatic and intentional access
to the semantic system in a cohort of MCI and AD subjects. They found that the MCI group was
only impaired on tasks of intentional access while the AD group was impaired on both types of tasks.
This study would suggest that impaired access to the semantic system in MCI precede semantic store
degradation observed in AD.

On the other hand, some authors sustain the hypothesis of early semantic degradation from the
beginning [9,26–29]. The disproportionate impairment in category fluency relative to letter-based
fluency—that is particularly sensitive to executive damage [5,30]—come out on the side of this.

We have previously investigated some aspects of the semantic system, regarding semantic fluency,
specifically the typicality of words produced in a semantic verbal fluency task [23]. Our results showed
that the MCI group produced more typical words in comparison with the healthy group, while no
differences in typicality were observed within the MCI and AD group. These results were interpreted
in term of a progressive disruption of semantic system organization, leading the patients to retrieve
more typical items of specific categories in respect to less prototypical elements. Our groups also
reported that MCI individuals who will eventually progress to dementia produce words that are less
related than the ones produced by healthy controls and stable MCI in a category fluency test [31].
This evidence can be interpreted as an effect of reduced strength of conceptual links between items
belonging to a given category.

In previous works, semantic priming (SP) has been used to explore the semantic system
automatically; SP is an experimental condition of a lexical decision based on the fact that subjects
are faster and more accurate in recognizing a target word when it follows a related word as a prime
than when it follows an unrelated word [32]. When it happens in a brief interstimulus interval
(250 ms or less), the priming effect is automatic and is not influenced by preparatory or intentional
strategies [33]. The prime word automatically and diffusely activates the semantic network, allowing a
faster recognition of the target word. Several explanations of the priming effect have been proposed.
According to the classical spread-activation hypothesis, the retrieval of an item from memory requires
the activation of its conceptual representation. The activation can spread to related concepts, that
in turn will be more easily retrieved [34]. The compound-cue models claim that a cue to memory
contains the target item and other items of the surrounding context. In this model, a relevant effect of
familiarity on priming effect is predicted, since cues formed by related words will be more familiar
than cues formed by unrelated words, explaining the shorter reaction times in the case of related
words [34]. Finally, distributed network models have been developed. According to the so-called
proximity models, priming is observed because related primes and targets are close to each other
in a high-dimensional semantic space [35]. The semantic proximity models claim that concepts are
represented by patterns of activity over interconnected conceptual units, and that related concepts
share similar patterns of activity. The other category of distributed models, referred to as learning
models [34], attributes SP to incremental learning. In fact, each presentation of a word causes an
alteration of the network connections, increasing the probability of producing the same response
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to the same input, including semantically related targets. According to this class of models, the
decay of learning can be very slow, and may cause SP also over long SOAs. The models of SP are
embedded in general conceptualizations of semantic memory based on observations obtained from
other typologies of investigations. In Alzheimer’s disease and MCI, previous studies suggest that
spread-activation models or more complex proximity models could be satisfactory to explain the
disruption of lexical-semantic system [31,36].

The previous studies on SP in AD have reported contrasting results. Some authors
found less-than-normal priming (hypo-priming) in Alzheimer’s disease patients compared with
controls [37–39], while others reported no differences on priming in AD vs. Healthy subjects [40,41] or
even paradoxical increased priming effects (hyper-priming) in Alzheimer’s disease patients [42–47].
These opposed results may reflect some differences in the methods used, and also clinical heterogeneity
in the samples of individuals studied. The severity of dementia, and therefore of semantic deficits,
differed from one study to another, leading to different results in semantic tasks, SP included.
Furthermore, the type of paradigm between the prime and the target, that maybe, superordinate,
coordinate, or attribute, seems able to influence the priming effects observed. When the semantic
relationship is based on the superordinate category, a normal priming effect was observed [41,48,49],
while hypo-priming is more frequently reported in experiments in which the target is an attribute of
the prime [48,50,51]. Finally, when the prime and the target belong to the same category (coordinate
condition) [46,48,49] hypo- or hyper priming is observed.

Few studies have investigated SP in mild cognitive impairment. Duong et al. [25] reported that
MCI and healthy individuals both reported SP effect. The same authors, instead, reported that the MCI
group was impaired on tasks that required intentional access to the semantic system, suggesting that
in early stages of AD, the involvement of the semantic system concerns access to its first.

The aim of the present study is to clarify the subtle semantic impairment in the MCI condition by
studying the behavior to an SP paradigm in comparison to a population of healthy subjects (HS). First,
we want to verify if a different behavior can be observed in MCI compared with HS and to understand
the meaning of the observed behavior. From a theoretical point of view, if in MCI condition patients
experienced an early degradation of the semantic system, consequently they do not benefit from SP.
On the contrary, if there is difficult access to the semantic system, the semantic facilitation of priming
allows a faster time of answer, especially at the brief, pre-attentional interstimulus interval.

2. Materials and Methods

We enrolled 27 individuals with amnestic MCI and 20 age- and education-matched HS. In the
patient groups, all subjects underwent a clinical evaluation including medical history, physical and
neurological examination, and an extensive neuropsychological evaluation and MRI scans. All the
subjects of our sample were native Italian speakers and none of them had a history of traumatic head
injury, alcoholism, epilepsy, stroke, nor other relevant neurologic, psychiatric, and general medical
diseases. MCI was diagnosed following clinical criteria [52]; the diagnosis of Alzheimer’s Disease was
based on current clinical criteria [53]. MCI subjects were evaluated after 12 and 24 months. At follow
up, patients were assessed according to the clinical dementia rating scale and activity daily living
scales. Dementia was diagnosed when CDR >1 and functional impairment were found. Eleven MCI
progressed to overt dementia at the 24 months follow-up.

2.1. Neuropsychological Examination

Patients were diagnosed as amnesic MCI after administration of the Mini Mental State examination
and a comprehensive battery including learning and long term memory (Rey’s Auditory Verbal Learning
test- RAVLT) [54]; executive functions (Stroop’s test; [55]); visual search and attention (Multiple Features
Target Cancellation, MFTC; [56]); working memory (digit span forwards and backwards; [57]); abstract
reasoning (Raven’s progressive matrices, PM’47; [54]); constructional praxis (copy of figures without
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and with Landmarks; [54]). Verbal fluency was examined by phonological [54] and categorical verbal
fluency tasks [58].

2.2. Lexical and Semantic Priming Procedure

The task consisted of 216 pairs of stimuli (prime-target). Each target stimulus was a word or a
non-word preceded by a prime word. Patients were required to decide if the target was a word or not
as fast as possible. In total, 108 pairs were a word–non word couple and 108 pairs were a word–word
couple. In total, 54 out of the 108 word–word couples were semantically related. The primer–target
couples were controlled for word frequency [59]. Stimuli were presented at different intervals of
response to the prime and the appearance of the target (SOA) of 250 and 900 ms (Figure 1). The order
of appearance of the pairs of word–non word and word–word at different SOA was randomized for
each subject. Words were presented in Italian (English translation of the words is reported in the
Appendix A). Our task was built with OpenSesame software and was administered by means of a 15”
laptop posed at 0.5 mt from the individual, who had to respond by pressing one out of two buttons
marked with a “yes” or “no” label. Time of response for each item was recorded.

Figure 1. Assessment of the lexical and semantic priming tasks.

We evaluated the ‘lexicality effect’; that is, the faster recognition of words compared to non-words.
The lexicality effect has been computed as the difference between the mean reaction time between
response after that the priming was a word. The ‘SP effect’ was calculated as the difference in the mean
reaction time to word that was preceded by semantically related or semantically unrelated word.

3. Results

MCI and HS were similar in age (MCI: mean age = 72.79; DS = 5.090; HS: mean age = 69.44;
DS = 5.515; p = 0.115) and educational level (MCI: mean = 11.61; DS = 2.909; HS: mean = 13.12;
DS = 2.711; p = 0.193). At 24 months follow up, 11 subjects (45.8%) were diagnosed as affected by
Alzheimer Disease. Then, according to the progression or not to dementia, we divided MCI group in
non converters-MCI (n. 13) and converters-MCI (n. 11).

3.1. Lexicality Effect

Both at 250 ms and 900 ms, the factorial ANOVAs comparing MCI vs. HS showed a significant
effect of the GROUP factors (F = 458; p <0.001 and F = 441; p<0.001 respectively), WORD factors
(word vs. non-word) (F = 1072; p < 0.001 and F = 1166; p < 0.001 respectively) and of interaction
GROUP ×WORD (F = 23; p < 0.001 and F = 42; p < 0.001, respectively).
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Table 1 shows response times of the two groups at 250 and 900 ms. Both HS and MCI answered
more quickly for word than for non-word, regardless of the presence of a semantic connection between
prime and target.

Table 1. Lexicality effect.

HS MCI
Non

Converters-MCI
Converters-MCI

SOA 250 ms

Mean SD Mean SD P Mean SD Mean SD p

Words 813.37 248.266 1046.15 375.320 <0.001 1052.94 366.878 1036.24 387.545 n.s.
No words 1205.38 483.902 1573.38 471.991 <0.001 1547.61 480.800 1610.85 456.888 n.s.

p <0.001 <0.001 <0.001 <0.001

SOA 900 ms

Mean SD Mean SD P Mean SD Mean SD p

Words 808.15 247.161 1002.23 331.279 <0.001 996.86 323.493 1010.02 342.552 n.s.
No words 1177.64 460.944 1543.75 462.437 <0.001 1519.25 468.131 1579.34 452.266 n.s.

p <0.001 <0.001 <0.001 <0.001

Similarly, patients with MCI were significantly slower than HS both for words (p < 0.001) and
non-words (p < 0.001).

In the comparison between converters-MCI, non converters-MCI and HS at 250 and 900 ms,
ANOVA confirmed a significant effect of the GROUP factors (F = 230; p < 0.001 at 250 ms and F = 223;
p < 0.001 at 900 ms), WORD (F = 1144; p < 0.001 at 250 ms, and F = 1267; p < 0.001 at 900 ms) and of the
interaction GROUP x WORD (F = 14; p < 0.001 at 250 ms and F = 22; p < 0.001 at 900 ms). Both HS and
MCI answered more quickly for word than for non-word; non converters-MCI and converters-MCI
were significantly slower than HS both for words (p < 0.001) that for non-words (p < 0.001); the
answers time of converters-MCI were not significantly different for the response times of subjects with
converters-MCI, both in the presence of words (p = 0.166) and in the presence of non-words (p = 0.9).

3.1.1. Priming Effect at SOA 250 ms

To evaluate the priming effect, we have considered only reaction times of word–word pairs,
comparing semantically related to semantically unrelated pairs of words.

The ANOVA analysis (considering the whole group of MCIs) showed a significant effect of the
GROUP factor (F = 131.6; p < 0.001) and ‘Semantic Relation’ Factor (REL) (F = 20.9; p < 0.001) but not
of the interaction between the two (F = 0.2; p < 0.678). On Table 2 are reported the reaction times in the
two conditions (pairs of correlated first-target or unrelated strings).

The post-hoc analysis showed that for both related pairs and unrelated words. HS answered more
quickly than MCI (in both cases, p < 0.001). The response times for related words were lower than the
response times for unrelated words in both in HS and MCI (see Table 2). The Cohen’s d show only a
little effect size in both groups.

In the comparison between non converters-MCI, converters-MCI and HS, ANOVA showed a
significant effect of the GROUP factors (F = 69.9; p < 0.001) and REL (F = 20.2; p < 0.001) but not of the
interaction between the two (F = 0.4; p < 0.650). On Table 2 is reported the reaction times in the two
conditions (pairs of correlated first-target or unrelated strings) in the three groups (non converters-MCI,
converters-MCI and HS).
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Table 2. Priming Effect at SOAs 250 ms and 900 ms.

HS MCI
No

Converters-MCI
Converters-MCI

SOA 250 ms

Mean SD Mean SD Mean SD Mean SD

Related words 778.27 187.428 944.01 248.428 969.00 229.787 923.58 261.521
Unrelated words 814.46 212.969 985.38 253.232 1029.33 246.156 949.46 253.915

p 0.015 0.003 0.038 0.321
Cohen’s d 0.18 0.17 0.25 0.10

SOA 900 ms

Mean SD Mean SD Mean SD Mean SD

Related words 776.68 214.317 922.60 234.317 930.11 220.048 913.64 250.716
Unrelated words 806.21 204.353 962.37 242.047 982.23 244.109 938.63 238.152

p 0.071 0.003 0.010 0.745
Cohen’s d 0.07 0.17 0.22 0.10

In this condition, we observed a rather larger Cohen’s d effect size in non converters-MCI than in
converters-MCI. In particular, the effect size in the converters-MCI was similar to the HS group.

The post-hoc analysis showed that for both the related and the unrelated pairs of words, the HS
answered more quickly than the subjects non converters-MCI or converters-MCI (p < 0.001 in all cases).
Response times for related words were shorter than response times for unrelated words in HS and non
converters-MCI, but not in converters-MCI (see Table 2). Although both non converters-MCI and HS
show a similar priming effect, the Cohen’s d is different between these two groups suggesting that the
priming in non converters-MCI is preserved only at the cost a higher discrepancy between the two
conditions (with related and unrelated words).

3.1.2. Priming Effect at 900 ms

ANOVA analysis showed a significant effect of the GROUP factors (F = 115.6; p < 0.001) and REL
(F = 17.2; p < 0.001). No interaction between GROUP and REL was found (F = 0.5; p = 0.488). Table 2
(upper part) reports the mean values of reaction times in the two conditions in HS and MCI.

The post-hoc analysis showed that HS answered more quickly than MCI both for the related
pairs and the unrelated words (p < 0.001). In HS, the response times for related words did not differ
from response time for unrelated words, while MCI answered more quickly for related words that for
unrelated words.

Comparing non converters-MCI, converters-MCI and HS, ANOVA showed a significant effect of
the GROUP factors (F = 53.4; p < 0.001) and REL (F = 16.0; p < 0.001), but no interaction between the
two (F = 0.96; p < 0.383). On Table 2 are reported the means of reaction times in the two conditions in
the three groups.

The post-hoc analysis showed that HS had shorter reaction times than non converters-MCI and
converters-MCI for both related and unrelated words (p < 0.001 in all cases).

Comparing response times for related words vs. unrelated words among the three group, non
converters-MCI answered more quickly for related pairs than for unrelated ones, while HS and
converters-MCI did not differ in reaction times among related and unrelated words. (see Table 2).
The Cohen’s d effect size shows that this effect was higher in non converters-MCI than in bot
converters-MCI and HS.

4. Discussion

Our data seem to confirm the hypothesis of early degradation of the semantic system in MCI.
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A first consideration regards times of reaction: in all tasks, MCI answered significantly slower than
HC. These findings are in line with previous studies about priming [42–44,49]. Despite the slower time
of reactions, in our sample, lexicality effect was equally represented in HC and MCI, even after splitting
MCI in non converters-MCI and converters-MCI. Lexicality effect reflects a physiological learning
mechanism: the repeated exposition to verbal stimulus encourages the creation of phonological,
syntactic and semantic representations of stimuli. This phenomenon does not happen when stimuli
are non words. Our data confirm general findings of the integrity of the phonological, orthographic
and syntactic system in early AD. Furthermore, in our study, the presence of lexicality effect in the MCI
group demonstrate a good lexical activation and lexical access, even if it happens slower than in HS.

Our data show that at the shorter interval, both HS and MCI had SP effect; nevertheless, when
MCI group was divided according to progression to AD, the converters-MCI group lost SP effect, while
non converters-MCI had same behavior that HS. At 900 ms, HS lost priming effect, because of the
intervention of attentional, strategic and inhibitory mechanisms. Non converters-MCI still showed
priming effect, probably because they experienced slower reaction time, and consequently a slower
activation of the attentional system. In converters-MCI no priming effect was found, as in the 250 ms
interstimulus condition.

In our study MCI group globally considered does not differ from HS, partly because of the intrinsic
heterogeneity of MCI population, who belong to subjects with prodromal AD and subjects without
progressive memory deficit.

Nevertheless, it is very interesting that the MCI group behaved differently according to disease
progression: non converters-MCI had normal priming effect as HS, while converters-MCI lost priming
effect. Further, non converters-MCI experienced a larger effect size than converters-MCI; this means
that non converters-MCI carry out a greater effort to maintain a SP effect in a compensatory manner.
Instead, converters-MCI does not experience any compensatory strategy. This phenomenon happens
both at 250 ms and at 900 ms.

These results deserve several considerations: first, the loss of priming effect in converters-MCI—that
can be considered as prodromal AD—suggests that semantic system is early impaired regardless of
executive functions from the beginning in AD; according to the hypothesis of a semantic store degradation,
even in MCI, the priming effect disappears in our converters-MCI because the relationship within
semantically close words is lost, preventing the activation of the semantic system or making it ineffective
to generate priming effect. This explanation is in line with previous reports about the linguistic features
of words produced in the semantic fluency task, by meaning the tendency to generate words with
higher typicality and early AoA [20–24]. A possible explanation is that the progressive reduction of the
knowledge of the attributes of objects and the relations between similar entities can cause the loss of
SP effect that is the counterpart of difficulties observed in the semantic fluency tasks. In general, our
findings could be accounted by spread-activation models, or proximity class of diffuse network models,
in accordance to previous evidence from studies on semantic fluency [31,36]. On the other hand, learning
models are not supported by our findings, since we observed a loss of SP over a long SOA in HS [34].

Some characteristics of the semantic system can help to support our findings. In their study,
Mulatti et al. described the cumulative semantic effect in healthy subjects and MCI [51]. The cumulative
semantic interference effect refers to a linear increase in the picture naming reaction times which
is a function of the already named pictures belonging to the same semantic category to which the
named picture belongs. In the author’s opinion, this phenomenon is due to the interaction between
different cognitive processes involved in picture naming as shared activation, priming and competition:
when a representation is activated in the lexicon upon the presentation of a picture, the lexical
representations of semantically related items are also activated (shared activation); the activated
no-target lexical representations compete with the target lexical representation in a mutually inhibitory
way (competition), thus slowing down processing, while any retrieval of a lexical representation
facilitates its subsequent retrieval (priming). Analogously, even if in a different experimental condition,
in our experiment we observed lexicality effect, but not SP effect in our MCI patients that progress
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to AD. Our data support the evidence of a loss of cumulative semantic interference effect in MCI
converters that could rely on the lack of the shared activation of the semantic features belonging to
same categories of knowledge, while the lexical priming still works in the early stages of AD.

The study has several limitations, including the relatively small number of subjects included.
MCI patients were diagnosed as MCI due to AD according to clinical and imaging data, but without
biomarkers confirmation. However, the rather long follow-up period reduces the possibility of
inaccurate identification of MCI individuals both at the baseline and at the follow-up. Furthermore,
the number of MCI patients who progressed to dementia is rather low; thus, it is possible that we were
not able to detect the SP effect in converters-MCI because of insufficient statistical power. Nevertheless,
the number of non-converters MCI was comparable to the number of converters-MCI, yet we were
able to detect a significant SP effect, with a Cohen’s d higher than the one observed in HS. However, a
cautious interpretation of our results is mandatory.

5. Conclusions

In conclusion, our data are of same interest from a theoretical and clinical point of view. As for
the theoretical significance, the SP seems a good paradigm to detect subclinical deficit of the semantic
system in the early stages of the AD pathology. From a clinical point of view, the different behavior
between non converters-MCI and converters-MCI at the SP suggests that this paradigm could be a
practical method for evaluating semantic memory in subjects with MCI. If confirmed in larger samples,
these results may have significant prognostic and therapeutic implications.
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Appendix A List of Items

TARGET WORD RELATED PRIME UNRELATED PRIME

vinegar Salad Hawk
student Schoolchildren Peacock
aerial Cable Walnut

banana Gorilla Die
mouth Tongue Species
orange Peel Sign

Dog Peace Owner
song Voice Point
horse Animal Example
colour Red Need
deluge Thunder Ram
dragon fairy tales Lip
grass Lawn People

summer Sun Land
river Water Game

giraffe Height Accent
Trip Coach Gasp
Ant Bug Candle

winter Snow Number
lake Fish Time
snail Shell Wax
mum Sun News
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Sea Island Year
pencil Case Diamond
mule Stable Witch
nose Face Day
Ship Voat Arm

grandchild Family Answer
gandfather Father Bottom

track Trace Fear
vegetable garden Vegetable Loft

package Courier Bundle
planet Heart Minute
Rain Weather Type

spider Venom Steam
noise Sound Begin

classroom School Cold
seed Grain Injury
sister Brother Space
sauce Tomato Sheet
nest Hibernation Paint
roof House Name

cough Sickness Can
trumpet Brass Mill

coach Binary Steak
wind Air Part
worm Maggot Elf

volcano Eruption Reflex
Paw Claw Door

mosquito Sting Chest
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Abstract: Neurodegenerative processes of various types of dementia start years before symptoms,
but the presence of a “neural reserve”, which continuously feeds and supports neuroplastic
mechanisms, helps the aging brain to preserve most of its functions within the “normality” frame.
Mild cognitive impairment (MCI) is an intermediate stage between dementia and normal brain
aging. About 50% of MCI subjects are already in a stage that is prodromal-to-dementia and during
the following 3 to 5 years will develop clinically evident symptoms, while the other 50% remains
at MCI or returns to normal. If the risk factors favoring degenerative mechanisms are modified
during early stages (i.e., in the prodromal), the degenerative process and the loss of abilities in
daily living activities will be delayed. It is therefore extremely important to have biomarkers able
to identify—in association with neuropsychological tests—prodromal-to-dementia MCI subjects as
early as possible. MCI is a large (i.e., several million in EU) and substantially healthy population;
therefore, biomarkers should be financially affordable, largely available and non-invasive, but still
accurate in their diagnostic prediction. Neurodegeneration initially affects synaptic transmission and
brain connectivity; methods exploring them would represent a 1st line screening. Neurophysiological
techniques able to evaluate mechanisms of synaptic function and brain connectivity are attracting
general interest and are described here. Results are quite encouraging and suggest that by the
application of artificial intelligence (i.e., learning-machine), neurophysiological techniques represent
valid biomarkers for screening campaigns of the MCI population.

Keywords: Alzheimer’s disease; mild cognitive impairment; EEG; TMS

1. Introduction

Dementias are of several types; however, the most frequent and diffusely known by the public
opinion is Alzheimer’s disease (AD), which is characterized by a progressive loss of memory and
deterioration of other cognitive functions that significantly interfere with daily life activities [1].
The typical AD clinical phenotype follows a prodromal stage known as mild cognitive impairment
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(MCI) that is usually, but not exclusively, characterized by memory loss (amnestic MCI = aMCI).
MCI is typically characterized by evidence of an objective impairment of memory and/or of other
cognitive domains on neuropsychological testing, but not yet encompassing the standards for dementia
diagnosis. It represents an intermediate condition in the elderly between normal cognition and
dementia and includes a consistent percentage of subjects (about 50%) in a stage that is prodromal to
different types of dementia, including AD (MCI prodromal-to-dementia or prodromal-to-AD). MCI is
considered a high-risk population since a significant percentage (from 5 to 20 times higher compared
to an age-matched non-MCI population) will develop one type of dementia during a 3- to 5-year
follow-up period; the remaining percentage will stay in the MCI condition for the rest of their life or
even revert to full normality. MCI prodromal-to-AD (or due-to-AD) cannot be distinguished from those
who will not convert on purely clinical grounds. A careful MCI definition requires a comprehensive
assessment, including cognitive complaints questionnaires, screening tests (such as Mini-Mental State
Examination (MMSE)), an in-depth neuropsychological evaluation (including tests for episodic memory,
language, visuo–spatial abilities, and behavioral scales with appropriate normative thresholds [2,3]),
functional scales and full neurological examinations. In order to plan optimal and early therapeutic,
organizational, and rehabilitative interventions, MCI diagnosis should be combined with the most
reliable prognosis on the likelihood and time of eventual progression to dementia. In other words,
those MCI subjects who are already in a prodromal-to-dementia condition should be intercepted as
early as possible. This goal can nowadays be achieved by combining biomarkers reflecting ongoing
neurodegenerative phenomena with the results of neuropsychological tests.

The identification of reliable markers able to intercept those MCI subjects (amnesic, non-amnesic,
multi-domain) who are in a prodromal-to-dementia stage represents a goal for all health systems as
it would allow early interventions on different risk factors. The risk factors include lifestyle aspects
such as obesity, sedentary lifestyle, smoke, low daily cognitive and exercise, and medical conditions
such as cardiovascular diseases, diabetes, hypercholesterolemia, and thyroid dysfunction, leading to
a significant delay in the daily living autonomies loss even in the absence of a disease-modifying
therapy [4–10]. Such a goal would be of paramount importance since—just as an example that might
be equally expanded to all countries with an aging population—the costs of dementia in the United
States (US) were estimated to be USD 818 billion in 2015, with an increase of 35% compared to 2010.
Moreover, MCI prodromal-to-AD subjects are the main targets of many clinical trials with potentially
disease-modifying drugs since these drugs have proved ineffective when full symptomatology of
AD has already developed, probably because the “neural reserve” has been progressively consumed
during the pre-symptomatic and prodromal disease stages. Therefore, early markers predicting with
high sensitivity/specificity the evolution from prodromal stages to clinically overt dementia and AD
are of pivotal importance in modern public health strategies.

Within this theoretical frame, it seems quite important to have a 1st-level type of low-cost,
non-invasive, and widely available biomarker(s) able to screen out from the MCI population
those subjects who are non-prodromal-to-dementia, leaving more expensive and highly demanding
technologies as a 2nd level approach for a significantly smaller population with a remarkably higher
risk of being in a prodromal-to-dementia condition for diagnostic characterization (i.e., AD with
amyloid plaques).

2. EEG Biomarkers

Scalp resting state electroencephalographic (EEG) rhythms reflect the summation of oscillatory
membrane post-synaptic potentials generated from cortical pyramidal neurons, which play the role of
electromagnetic signal sources. These sources were estimated to extend for several square centimeters
of the brain cortex [11,12]. These potentials can be considered as the oscillatory output of the resting
state cortical system, while inputs include afferents coming from other cortical neural biomasses,
thalamo-cortical neurons, and neurons belonging to ascending reticular systems [11].
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Practically speaking, EEG data analysis may be divided into a two-step process: first, the signals
recorded from all sensors are “de-noised”, aiming to improve signal-to-noise ratio by excluding
portions of highly noisy data; second, the current density distribution or other parameters of interest
are estimated from the cleaned sensor recorded signals. This phase, called preprocessing, is devoted
to the extraction of the source under study from the whole population of electromagnetic sources,
including also the artefactual ones. Methods improving the signal/noise ratio “separate as much as
possible the signal from the noise using information on the specific source under study. In some cases,
it is possible to observe neural activity synchronization by supplying to the subject an external stimulus
or instructing the subject to perform a specific task. Given the high relevance of analyzing resting-state
activity, alternative procedures to enhance the signal to noise ratio were developed, including Blind
Source Separation (BSS) methods such as Independent Component Analysis—ICA [13] and semi-BSS
methods such as Functional Source Separation—FSS” (see Figure 2) [14,15].

Another important step aims to determine the current density distribution inside the brain,
especially in the region of interest. The diverse approaches to solve the so-called inverse-problem
(that is the identification of the source(s) within the brain responsible for the distribution of
scalp-recorded electromagnetic signals) range from single and multiple dipoles [16] to distributed
sources, which include the Multiple Signal Classification—MUSIC [17], the recursively applied and
projected MUSIC—RAP-MUSIC [18], the minimum norm estimates—MNE [19], the low-resolution
brain electromagnetic tomography—LORETA [20], and the beam-forming and synthetic aperture
magnetometry—SAM [21].

The scalp-recorded EEG signals oscillate with rhythms characterized by a spectral content
below 50 Hz since the extracerebral layers act as spatial and frequency filters. Two classes of EEG
biomarkers for early dementia diagnosis, such as “synchronization” and “connectivity” can be
nowadays identified [22]. The term “synchronization” refers to nonlinear oscillatory components of
the brain system that reflect a collective oscillatory behavior of cortical neural populations generating
EEG rhythms [23]. Synchronization of the cyclic firing of cortical neural populations is the main source
of scalp EEG rhythms in both resting state and task-related conditions and produce scalp EEG rhythms:
this “synchronization” mechanism must occur at a macroscopic spatial scale of some centimeters.
Spectral analysis of EEG rhythms is typically done at fixed frequency bands. Both nonlinear and linear
mathematics can estimate the neural current density of EEG cortical sources [24,25]. These procedures
model 3D tomographic patterns of EEG cortical generators into a spherical or a magnetic resonance
imaging (MRI)-based head model representing electrical properties of the cerebral cortex, skull,
and scalp, typically co-registered to Talairach brain atlas [26–30]. Source localization procedures
estimate the current intensity of all dipoles (e.g., hundreds to thousands) of the cortical mantle model
to explain scalp EEG amplitude/power density.

2.1. EEG Findings in Dementia (including AD)

It is important to clarify that EEG recordings (particularly the routine ones with 19 electrodes)
cannot reach a distinct diagnosis of the various types of dementia. In all the studies reported
below, the diagnosis of AD was reached with neuropsychological tests eventually combined with
other biomarkers dealing with brain metabolism and analysis of beta-amyloid and tau protein
metabolites (i.e., fluorodeoxyglucose positron emission tomography (PET–FDG), PET–radioligands,
and cerebrospinal fluid (CSF) analysis). Having clarified this important point, one should consider
that there is a vast literature on EEG abnormalities in pathological brain aging (for a review, see [31]).
Compared to cognitively intact elderly (Nold) subjects, demented (namely, AD) patients contain
excessive δ and a significant decrement of posterior α rhythms [32]. Similarly, MCI patients display a
significant decrease of α power compared to Nold [33]. Furthermore, a prominent decrease of EEG
spectral coherence in the α band in AD has been reported [34,35]. Indeed, the EEG power spectrum in
patients with AD compared to age-matched Nold has shown a widespread increase in δ and θ power
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density and a posterior decrease in α and β power density with lowering of α power density peak in
several studies [34–38].

Nonlinear measures of “synchronization” markers pointed to a complexity loss of cerebral
dynamics in AD within the same frequency bands [39–45], while the analysis of phase coherence
showed differences between AD and Nold [35] and was also able to predict aMCI conversion
to AD as demonstrated by neuropsychological follow-up [34]. Cross-validation of EEG source
solutions showed that clinical symptoms were positively correlated with abnormalities in β, α, and δ

source activities [46,47]. Global cognitive status, as revealed by MMSE scores, correlated negatively
with δ/θ source activity and positively with α source activity [22,47–49]. Similar features of EEG
sources with some attenuation in amplitude, as seen in AD patients, were also observed in MCI
subjects [22,49]. These findings were confirmed by an independent approach based on minimum-norm
depth-weighted estimation [50], that showed in AD patients a reduced activity in the precuneus,
posterior cingulate, and parietal regions, as well as increased activity in δ or θ sources in inferior parietal
cortex, medial temporal cortex, precuneus, and posterior cingulate, compared to aMCI subjects [50].

Occipital, temporal, and parietal α source activities correlated with hippocampal volume,
being more evident in aMCI subjects with a greater volume, intermediate in those with a smaller
volume, and minimum in AD patients [47]. Moreover, α source activity was statistically linked to
the volume of cortical gray matter in aMCI and AD subjects, while a negative correlation was found
with δ sources [51,52]. Finally, a negative correlation between EEG α dipolarity (e.g., uniformity of α
potential distribution) and p-tau or p-tau/Aβ ratio in cerebrospinal fluid in AD was described [53].

Nonlinearity brain electromagnetic rhythms have attracted substantial attention since the early
1980s [42,54,55], due to the approach based on the chaos theory, aiming at a deterministic characterization
of complex time series [56,57] and to the observation that multiple neural processes are governed
by nonlinear phenomena which are essential for healthy and adaptive cortical activity, but are also
involved in several brain diseases [58]. The early application of nonlinear methods based on the
chaos theory to the analysis of spontaneous EEG in AD showed lower correlation dimension (D2) [56]
and the largest Lyapunov exponent (L1) [57] compared to Nold, attributable to a reduction of the
variables needed to describe the dynamics of the EEG (D2) and to a loss of flexibility in information
processing (L1). This is because D2 is a measure of the geometry of the attractor that describes the
EEG signals, whereas L1 explains how many similarities diverge over time [54]. Despite their different
focus on static and dynamic properties of the ongoing signals, both D2 and L1 parameters paralleled
the reduction of complexity seen in the EEG activity of AD patients [45,54,59–61].

Methods of nonlinear EEG analysis can be categorized into three main groups:

- Fractal dimension metrics, including Katz and Higuchi’s definitions [62,63].
- Irregularity estimators, including sample entropy [64] and permutation entropy [65].
- Multiscale metrics [66], including multiscale sample entropy and derived approaches such as

multiscale dispersion entropy [45].

The concept of fractal dimension refers to a non-integer dimension of a geometric object;
this parameter is reduced in AD compared to Nold, especially in temporal–occipital regions [61].
Metrics such as sample entropy (SampEn) can be seen as measures of the production rate of information
within a signal (how much information previous samples of the time series provide about the following
samples) and its level of predictability [61]. Entropy metrics of spontaneous EEGs showed reduced
irregularity in AD. The third major category of nonlinear measures is related to the multiscale behavior
of signals and to the concept of complexity ranging between two extremes of fully predictable and
deterministic systems and merely random oscillations [67]. Thus, completely ordered (i.e., predictable)
or random systems are not physiologically complex [68]. A working measure of complexity (defined as
multiscale (sample) entropy (MSE [67])) is based on the measure of entropy (originally SampEn) over
multiple temporal scales obtained from “coarse-grained” versions of the signals [60,66], and it has
inspired the application of entropy metrics in a multiscale way [66]. MSE has been compared between
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AD and Nold [55,68,69]; it has been shown that spontaneous EEG activity in AD is less complex at short
temporal scales (associated with higher frequencies), but this tendency reverses at longer temporal
scales (related to lower frequencies) [68,69]. This finding is of remarkable interest when arguing about
the dependency of the complexity of brain EEG activity on the temporal scales and the frequency range
under analysis [70,71]. Arguably, one of the limitations of the nonlinear methods surveyed so far is
that they are applicable to single (univariate) signals only. Multivariate versions have become recently
available [45,72–74]; however, they should be validated more deeply as a probe for EEG analysis.
Finally, we should consider that non-linear analysis of EEG activity has been explored in resting-state
and awake conditions; methods also applicable to short time series can now be utilized before, during,
and after a task with the aim of increasing sensitivity/specificity to characterize pathological cognitive
decline [59,75,76].

Despite a number of limitations, important recent reviews ([44], Rossini et al. (2020)) have
summarized the progress in the EEG pattern of demented patients with a neuropsychological profile
of AD: generalized slowing of the spectral frequency profile, reduced complexity, and perturbation.

2.2. Brain Connectivity Methods including Graph-Theory

The human brain can be represented as an anatomic-functional matrix (consisting of billions
of neurons and their synaptic connections) of network structures at micro–meso–macro-scale levels.
Within this matrix of networks, nodes (neuronal assemblies) and links (connecting fibers) cooperate via
dynamic aggregations or transient locking/unlocking of their orchestrated firing oscillations [77–80].
Networks continuously re-shape throughout life via plastic modifications mainly governed by long term
synaptic potentiation/depression (LTP/LTD) mechanisms ruled by the continuous input bombardment
from internal and external environments, including learning/training and maturation/aging processes.
Network configuration and excitability are continuously changing even in tens of millisecond time
frames, according to the cyclic changes of the cortical state (“cortical uncertainty” of Adrian and Moruzzi,
1939 [81]). Such continuous variability modifies instant-by-instant the efficacy of the brain networks
supporting a given skill or task. On this basis, it can be explained why an operating subject can incur
cyclic errors during a task even if in apparently stable conditions. Phase synchronization (or coherence),
phase-locking, entrainment, cross-frequency (or power synchrony), and phase reset of EEG rhythms
measure the degrees of functional and effective connectivity between different brain areas [5,82,83].
As previously said, electromagnetic brain signals are generated by neuronal activities having millisecond
time constants and have, therefore, an extremely high temporal discrimination. Because of this,
by examining them, one can theoretically follow the dynamics and hierarchies of neuronal assembly
connection/disconnection in analogy to the binding/unbinding phenomena of neuronal firing phase
coherence, as seen in animal models via microelectrodic recordings. Similar conditions have been
recorded in human depth recordings where synchronization mechanisms have been observed to be
highly correlated with cognitive performance [84,85].

The stationarity of the resting-state cerebral system (as opposed to non-stationarity) means
that the statistical features of scalp electromagnetic brain rhythms are constant during recordings.
Stationary conditions can be observed for relatively short periods, usually not longer than tens of
seconds [86], during which electromagnetic rhythms can be examined by classical linear frequency
analysis [87,88]. Linearity and non-linearity describe the behavior of a neural circuit, in which the
output signal strength varies in direct or non-direct proportion to the input signal strength, respectively.

Several tools for EEG analysis exploit graph theory [89], which returns indicators of the balance
between the local connectedness and the global integration of a network matrix. Time series of cortical
electric neuronal activity can be used for estimating cortical connectivity, based on the following
concept: “Two places are functionally connected if their activity time series are similar” in which the
‘two places’ could be replaced by ‘two neuronal assemblies’ or ‘the neuronal assemblies under two
recording electrodes’ [90]. However, from a formal point of view, there are many different ways to
define the similarity between signals, including those from EEG. Such methods are mainly based on
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the exact low-resolution electromagnetic tomography (eLORETA) [91], an algorithm representing a
linear inverse solution for EEG signals that have no localization error to point sources under ideal
(noise-free) conditions [28]. In order to obtain connectivity values, a lagged linear coherence algorithm
is applied as a measure of functional connectivity [29,30]. Moving from the scalp-recorded EEG
potentials distribution, the cortical 3D mapping of current density (source localization) is carried out via
eLORETA, as detailed in previous studies, also providing the proof of its exact zero-error localization
property (see [30,91]). Several recent publications from independent groups [91–99] have supported
the idea of a correct source localization using eLORETA; such an idea maintains true not only with
high-density EEG recordings but also with the standard 20-channel EEG montage (10–20 system).

Human activity from movement to cognitive functions is sustained by time-orchestrated
coordination of neuronal aggregates simultaneously firing at multiple brain sites within distributed
neuronal networks [85,100–104]. EEG/magnetoencephalographic (MEG) recordings allow for
non-invasive measurement of the cyclic firing of neuronal assemblies with high temporal resolution
(milliseconds), but with a relatively low spatial resolution (centimeters) and mainly reflect the activity
of cortical neurons with little or no contribution from deep brain sources (either in the depth of
sulci or in the fronto–orbital and temporo–mesial areas, including the hippocampal formation and
insula). Excellent spatial resolution is peculiar of functional MRI (fMRI), reflecting fluctuations of
local blood flow and metabolism through the detection of blood-oxygenation-level-dependent (BOLD)
changes in the depth of the brain structure. Meanwhile, fMRI has a poor temporal resolution due to
the physical properties of hemoglobin relaxation, which is reflected in a remarkable delay between
the synchronized and relatively sharp neuronal firing producing the BOLD signal with a smoothing
effect on the firing sharpness during the rise/decay phases of the neurovascular coupling. It is also
worth mentioning that the BOLD signal is due to transient modifications of energy consumption
of neuronal firing, and, therefore, it does not reflect those interneuronal connectivity mechanisms
like synchronization/coherence and phase locking-unlocking, which do not require changes of firing
frequency/intensity and do not imply energetic fluctuations. Coherence (Coh) [102], partial coherence
(pCoh), phase-locking value (PLV) [105], mutual information (MI) [106], and directed transfer function
(DTF) [104,107] include mathematical approaches to interneuronal connectivity as probed via EEG/MEG
recordings. An adjunctive method is dynamic causal modeling (DCM, [108]), where the modulation of
interactions in preselected networks is analyzed [109]. Inverse methods such as BEANFORM in MEG
and LORETA in EEG data claim to detect deep sources, but there is the possibility that information
from deep structures in the higher frequency rhythms is lost; with such methods, a good source
reconstruction can be reached within the framework of their theoretical limitations (Figure 1).

In order to describe properties of large (e.g., whole-brain) networks, the original empirical data
can be represented in the form of a graph. Graph theory has been widely applied to MRI tractography
(for a review, see [110]), but here is mainly described for applications in EEG/MEG signal analysis.
Graphs can be weighted or unweighted, and can be directed or undirected. The first step is to decide
what can be considered as a node, and what can be defined as a link [42,89]. Core measures of graph
theory can be computed with http://www.brain-connectivity-toolbox.net and adapted by Matlab
scripts [97,111,112]. In such scripts, segregation refers to the degree to which network elements form
separate clusters and correspond to clustering coefficient (C) [113]:

C =
1
n

∑

i⊂N
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While integration refers to the capacity of the network to become interconnected and exchange
information [114], it is defined by the characteristic path length (L) coefficient [113]:

L =
1
n

∑

i⊂N

Li =
1
n

∑

i⊂N

∑
j⊂N, j�i di j

n− 1

396



J. Pers. Med. 2020, 10, 34

Figure 1. Functional connectivity data analysis: from EEG recordings (A), signals are preprocessed
with ICA for the artifacts’ rejection (B), and the eLORETA algorithm is applied to extract EEG sources’
localization (C). Then, the graph analysis is applied with the construction of an adjacency matrix,
square arrays of numbers where rows and columns correspond to nodes, and individual entries
correspond to all possible connections (D). Nodes can correspond to specific regions, superficial signal
recording sites, EEG sources, whereas edges can represent values of functional coupling between
nodes (E).

The mean clustering coefficient is computed for all nodes of the graph and then averaged. It is a
measure for the tendency of network elements to form local clusters [115]. Starting with the definition
of L, the weighted characteristic path length Lw represents the shortest weighted path length between
two nodes [113,116]. The small-worldness (SW) parameter is defined as the ratio between normalized
C and L − Cw and Lw − with respect to the frequency bands. For example, to obtain individual
normalized measures, one can divide the characteristic path length and the clustering coefficient by
the mean from average values of each parameter in all EEG frequency bands. In this case, it should be
stressed that a normalization of the data, with respect to surrogate networks, cannot be done due to
the weighted values of the considered networks. The SW coefficient describes the balance between
local connectedness and global integration of a network. SW organization is intermediate between
that of random networks, in which the short overall path length is associated with a low level of local
clustering, and that of regular networks or lattices, with a high level of clustering characterized by
a long path length [96]. In this scenario, nodes are linked through relatively few intermediate steps,
and most nodes maintain few direct connections. Surrogate analysis plays a pivotal role in testing the
significance of functional connections in both bivariate and multi-variate estimators; it also represents
a useful approach when applying a data-driven topological filter on statistically significant functional
connections [117].

Generally speaking, most of the studies on brain connectivity with various techniques do not report
on inter- and/or intra-subject test–retest variability; this is a significant gap for an extensive clinical
application. In order to evaluate the within-subject test–retest variability [98], statistical analysis was
performed on the normalized characteristic path length of EEG cortical sources for a 10-subject group
with two recording sessions at a 2-week interval, introducing the factor Time (First and Second recording
sessions). The statistical analyses showed no significant interaction, including time, highlighting the
stability of the “Small World” analysis of EEG signals. More recently, findings from 3 recording sessions
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have been compared from 34 healthy subjects (mean age of 45 years) at a one-week inter-session
interval [118] A between-factors analysis of variance (ANOVA) was carried out: Frequency Band (delta,
theta, alpha 1, alpha 2, beta 1, beta 2, and gamma) and Time (first, second and third recording) for the
Small World parameter. The statistical analysis showed that the interaction, including Time, was not
significant (F(12, 396) = 0.48995, p = 0.92057), highlighting the stability of the proposed parameters at
least when carried out in clinically stable subjects. Recently, the importance of reliability studies based
on repeat-scan sessions protocol of connectomics in any modality has been recognized with publication
of a number of freely available papers and datasets [119–121].

Transitivity (Tw) is another graph parameter: it is measured as the fraction of the node’s neighbors
that are also neighbors of each other [122] and reflects, on average, the prevalence of clustered
connectivity around individual nodes, a measure of segregation based on the number of triangles
in the network. Tw represents a variant of the clustering coefficient not affected by individual node
normalization [123]. More sophisticated methods describing segregation besides the presence of
densely interconnected groups of regions also reflect their composition named the network’s modular
structure (community structure). It reflects the decomposition of networks into groups of nodes,
with the maximal content of within-group links (within network connections are dense), and the
minimal level of between-group links (between network connections are sparse). The degree to which
the network may be subdivided into such clearly delineated and non-overlapping groups is quantified
by a single statistic, the modularity (Qw) (Figure 2). Unlike most other network measures, the optimal
modular structure for a given network is typically estimated with optimization algorithms. Finally,
local efficiency (E_locˆw) is an index of the information transfer efficiency limited to neighboring
nodes (i.e., nodes with direct edges to the node of interest) and indicates how mutually interlinked
neighboring nodes are [124].

 
Figure 2. Core measures of graph theory: nodes and edges, clustering coefficient, characteristic path
length, Small World index, modularity.

Studies on network hierarchical architecture, as obtained by the analysis of simultaneous EEG
oscillations of different frequencies and cross-frequency couplings during a given task performance,
have opened new research avenues into cognitive mechanisms [85]. In fact, time modulation of
the connectivity pattern of the nodes in a task-related network explains most of the performance
variability—i.e., from “excellent” to “poor”—in apparently stable conditions [96,112,125]. In other
words, the task–performance level and the task-related choice/behavior contents are largely
written in the immediate architecture of the EEG networks’ connectivity, preceding the task (by a
few seconds, usually).
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Each EEG rhythm reflects different mechanisms and a complete view—in time, space,
and frequency domains—is needed to obtain a comprehensive analysis of its functional dynamics.
It is worth mentioning that, depending upon the frequency content of the examined rhythm, the time
discrimination of the activation within the network frame can be as short as few milliseconds (down to
10 msec in the high γ band). Because of this, EEG connectivity analysis facilitates an evaluation of the
time hierarchy governing the serial/parallel activation of the nodes and their time/space relationship
within a given task-related network (i.e., whether A is active before, after, or in parallel to B).

Aging processes significantly modulate the network configuration of brain connectivity and also
affect the time-varying synchronization of rhythmic oscillations in a network organization. Along this
line of research, 170 healthy elderly volunteers were submitted to EEG recordings in order to define
age-related normative limits [126]. Graph theory functions were applied to eLORETA on cortical sources
in order to evaluate the Small World parameter as a representative model of network architecture.
The analyses were carried out in the whole brain—as well as for the left and the right hemisphere
separately—and in three specific resting=state sub-networks defined as follows: attentional network
(AN); frontal network (FN); default mode network (DMN). To evaluate the stability of the investigated
graph parameters, a subgroup of 32 subjects underwent three separate EEG recording sessions in
identical environmental conditions after a few days interval. Results showed that the whole right/left
hemispheric evaluation did not present side differences, but when individual sub-networks were
considered, AN and DMN presented in general higher SW in low (delta and/or theta) and high (gamma)
frequency bands in the left hemisphere, while for FN the alpha 1 band was lower in the left, with respect
to the right hemisphere. It was also evident the test–retest reliability and reproducibility of the present
methodology when carried out in clinically stable subjects.

On clinical grounds, it is of interest to the study of conditions that are considered to be prodromal
to dementia as in MCI. As previously said, dementias—particularly in their early stages—mainly
affect synaptic transmission and therefore represent “disconnection syndromes” [31,44,48,97,127].
A statistically significant difference in the SW organization of those MCI subjects who will progress
to AD (Converted MCI, particularly those who can be defined as rapid—i.e., 1–2 years—converters)
was recently found [128], the Converted MCI subjects having SW characteristics very similar to
those encountered in Alzheimer’s patients 1 to 2 years before their conversion (Time 0 of the study).
An abnormal increase in graph parameters in Converted, with respect to Stable MCI, for the α rhythm
has been observed, along with a decrease for the δ and γ rhythms. Such findings might be interpreted
in light of the background physiology of α rhythm, which is usually defined as the “idling rhythms” of
the adult brain [129]. Along this vein, it is worth mentioning that, in a population of 145 MCI subjects
followed up for 2 years, the receiver operating characteristic (ROC) curve derived from graph-theory
EEG analysis showed SW characteristics with a >60% sensitivity (area under the ROC curve (AUC)
0.64, indicating moderate classification accuracy) for classifying the MCI state as a prodromal of AD.
These findings are in line with previous studies [97,112,115] in which SW characteristics were decreased
in low-frequency bands in patients with AD compared to MCI [128]. That is, the MCI connectivity
pattern was less random than that of the AD group. Moreover, significant differences between healthy
elderly, MCI subjects and AD patients have been demonstrated by showing that physiological brain
aging presents greater specialization (though lower values) of SW characteristics that are higher than
normal in low EEG frequencies and lower in α bands. Finally, converted aMCI presented a graph
theory pattern practically identical to the AD one. The ROC curves gathered by a combined phenotype
and genotype characteristics analysis (obtained at a low cost with widely available apolipoprotein E
(ApoE) technology), produced an increase of accuracy up to 91.78% (AUC 0.97, indicating a nearly
optimal classification accuracy) for identifying the MCI prodromal-to-AD state [128]. This result is in
line with the fact that the ε4 allele of the APOE gene is the major risk genetic factor for the pathogenesis
of late-onset AD [32,130].

This bulk of findings suggests that EEG connectivity analysis, combined with neuropsychological
and genetic (i.e., ApoE alleles) evaluation, could be of great help in early MCI prodromal-to-AD
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identification as a first-line screening method and in intercepting those subjects with a high risk for
rapid progression to AD [83,131]. How does the “graph-theoretical” model compete with other types
of EEG analysis methods, and how does it contribute to AD diagnosis? Vecchio et al. [128] made a
comparative analysis by applying to the same EEG epochs utilized for graph valuation methods of EEG
analysis currently used for AD studies, namely, spectral coherence and power spectrum; such methods
performed less than graph and showed 51.79% sensitivity, 100% specificity, and 68.86% accuracy.

Several studies converge on the idea that α rhythm is a deterministic chaotic signal involved in
several functions, besides others [42], ranging from memory formation to sensorimotor processing and
integration [132]. Indeed, there is evidence in the healthy, showing a positive correlation between α

frequency and the speed of information processing, as well as cognitive performance [87]. In the adult
EEG during resting, awake conditions α rhythms are widely recordable and dominate in the posterior
brain areas, while δ rhythms are poorly represented, thus reflecting a condition of likely α-δ “reciprocal
inhibition” [31]. Furthermore, it is well known that the anatomical or functional disconnection of
lesioned cortical areas generates spontaneous slow oscillations in the δ range in virtually all recorded
neurons. In particular, the SW decrease in the δ band represents an increase of functional inhibition.
The opposite holds true for the α band.

Gamma rhythms are involved in a variety of cognitive functions, including visual object processing,
attention, and memory [133], and are strictly reflecting behavioral performance (accuracy and
reaction time) in several memory tasks, including episodic memory, encoding, and retrieval [134].
Gamma oscillations are pivotal in synchronization of the action potentials spike phase, a mechanism that
is at the base of EEG connectivity [135]. An SW decrease in theγband in the MCI-prodromal-to-dementia
is in line with previous evidence [98], showing a decrease of SW γ band in AD with respect to MCI and
control subjects. The γ band (>30 Hz) mediates information transfer between cortical and hippocampal
structures for memory formation [136], particularly through feed-forward mechanisms [137] and
coherent phase-coupling between oscillations recorded simultaneously from different neuronal
structures [138].

We also explored [131] the EEG functional connectivity in amnesic multidomain-MCI subjects in
order to characterize the DMN in converted MCI (cMCI)—those in a prodromal-to-dementia condition
who converted to AD during the follow-up—compared to stable MCI (sMCI) subjects. A total of 59 MCI
subjects were recruited and divided, after appropriate follow-up, into cMCI or sMCI. They were further
divided into MCI with linguistic domain (LD) impairment and in MCI with executive domain (ED)
impairment. The Small World (SW) index was computed, restricting to nodes of DMN regions for all
frequency bands, and evaluated how they differ between MCI subgroups as assessed through clinical
and neuropsychological 4-year follow-ups. Results showed that the SW index significantly decreased
in γ band in cMCI compared to sMCI. In cMCI with LD impairment, the SW index significantly
decreased in the delta band, while in cMCI with ED impairment, the SW index decreased in delta
and γ bands and increased in the alpha1 band. It is argued that the DMN functional alterations in
cognitive impairment could reflect an abnormal flow of brain information processing during resting
state possibly associated with a status of pre-dementia.

The combination of all the above-mentioned feature extraction techniques results in a wide-ranging
collection of features. For this reason, a feature selection process should be preferably carried out in an
automated or at least in a semi-automated way. A large number of machine learning algorithms can be
used to accomplish this task. A widely used procedure for both feature selection and classification in
diagnosing AD applications is the support vector machine (SVM), which achieved up to 98% accuracy
in early AD detection [139–141]. One of the major advantages of SVM is that when combined to
L1-norm as penalization, it leads to sparse weight vectors and allows feature selection and classification
to be accomplished in the same step [142]. An interesting variation of SVM is the Relevance Vector
Machine (RVM), which replaces the binary SVM classifier with a soft-decision method based on a
probabilistic Bayesian learning framework and outperformed SVM when tested in a fully-automated
AD diagnostic system [139].
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Recently, we investigated [143] the possibility to automatically classify physiological vs.
pathological aging from cortical sources’ connectivity based on a support vector machine (SVM)
applied to EEG Small World. A total of 295 subjects were recruited: 120 healthy volunteers and
175 AD. Graph theory functions were applied to the undirected and weighted networks obtained by the
lagged linear coherence evaluated by eLORETA. A machine-learning classifier (SVM) was then applied.
The ROC curve showed an AUC of 0.9 (indicating very high classification accuracy). The resulting
classifier showed 83% sensitivity, 100% specificity, and 96% accuracy for the classification of the AD
respect to control subjects. Graph theory analysis of brain connectivity from EEG signals provides
useful information in distinguishing physiological and pathological age-related brain processes.

In conclusion, EEG connectivity analysis via a combination of source/connectivity biomarkers could
represent a promising tool in the identification of AD patient and MCI prodromal-to-dementia subjects.
This approach represents a low-cost and non-invasive method reaching high sensitivity/specificity
and optimal classification accuracy, which might be combined with other biomarkers with the same
characteristics (i.e., ApoE genotyping) for screening large population samples in order to obtain a risk
evaluation on an individual basis.

2.3. TMS-EEG Co-Registration for Testing Brain Connectivity

Transcranial magnetic stimulation (TMS) is a non-invasive and painless technique introduced in
1985 by Anthony Barker, that is able to study the excitability, connectivity, and plasticity of the human
cerebral cortex. If the coil for the stimulation is precisely localized on the scalp region overlaying the
motor cortex, a muscle twitch in the contralateral body segment can be elicited with supra-threshold
stimuli. Such responses are called motor-evoked potentials (MEPs); they can be recorded from a target
muscle (i.e., the hand) by surface electromyography (EMG) and reflects the activation of corticospinal
cells in the primary motor cortex (M1) by single-pulse transcranial magnetic stimulation (spTMS) [144].

The combination of TMS with EEG is considered an important tool to reveal the effective
connectivity of brain networks, defined as the influence one neuronal assembly exerts over separate
(eventually remote) one(s) through causal or non-causal effects. In fact, the co-registration of the EEG
activity—which has a temporal resolution of a few milliseconds and can be simultaneously sampled
from a large number of scalp sites—during TMS provides the opportunity of tracking temporal
dynamics and inner hierarchies of brain networks that is properly their effective connectivity (for a
review see Rossini et al. (2019) [83]).

TMS–EEG has several advantages: (1) Its high temporal resolution conveys precise information
about the temporal order of activations of connected cortical areas (either adjacent or remote), defining at
the same time the causal interactions (excitatory or inhibitory) between two areas within functional
brain networks. (2) Its high temporal resolution allows the identification of critical periods during
which the stimulated area and its connections to other brain regions make a critical contribution to
the experimental task, thereby enabling to differentiate the connectivity pattern of different cognitive
processes related to specific tasks or different brain states and whether or how they are modified
by learning and training. Taking into account these points, TMS–EEG co-registration allows the
evaluation of the spatio–temporal pattern of neural activity that determines the connections across
brain areas, hence providing measures of effective connectivity able to test the predictions of graph
theory models [145].

From the first attempt to measure TMS-evoked brain responses made in 1989 by Cracco et al. [146],
several efforts have been made to overtake the severe technical limitations related to the coupling of
a stimulation artifact (thousands of times higher than the signal of interest) to the recording system.
Using a sample-and-hold circuit able to block the acquisition of EEG signal for several milliseconds
immediately adjacent to the TMS pulse, TMS-evoked brain EEG responses were successfully measured
in 1997, succeeding in tracking TMS-evoked brain activity with a temporal window of a few milliseconds
after the stimulus [147,148]. Subsequent studies have begun to describe the scalp topography and to
study the possible generator sources of the TMS-evoked EEG potentials (TEPs). Probably, most of

401



J. Pers. Med. 2020, 10, 34

the EEG signals record a linear projection of the postsynaptic currents indirectly induced by TMS;
then, EEG signals can be used to locate and quantify these synaptic current distributions and evaluate
local excitability and functional connectivity in the nervous system. Within the so-called “inductive
approach”, applying a single TMS pulse on the brain cortex, a network of neuronal connections is
triggered and the TMS-induced activation—a summation of post-synaptic potentials—spreads from
the stimulation site to other interconnected parts of the brain, producing deflections in scalp EEG
signals, starting a few milliseconds after the stimulus and lasting about 300 msec, first in the form of
rapid oscillations and then as lower-frequency waves. Increased EEG activity following the magnetic
stimulus can be observed in a number of neighboring electrodes, suggesting the spread of TMS-evoked
activity to anatomically interconnected cortical areas. Particularly, TMS-evoked activity spreads from
the stimulation site ipsilaterally via association fibers, contralaterally via transcallosal fibers, and to
subcortical structures and spinal cord via projection fibers.

Therefore, TMS–EEG gives the possibility to study cortico–cortical interactions and how the
activity in one area affects the ongoing activity in other areas. It has been suggested that the
first part of the TMS-evoked EEG signals reflects the excitability (i.e., the functional state) of the
stimulated cortex, whereas the following spatiotemporal distribution over the scalp corresponds to
the spread of activation to other cortical areas, i.e., the effective connectivity of the stimulated area
(for a review, see Ferreri and Rossini (2013) [148]). The amplitude, latency, and scalp topography of
single-pulse TMS-evoked EEG responses have been clearly described [125,149,150]. TMS-evoked EEG
averaged responses are generally highly reproducible, provided that the delivery and targeting of TMS
(i.e., via neuronavigated stimulation) is well controlled and stable from pulse to pulse and between
experiments. Several components of the EEG response to single-pulse TMS applied on the motor
cortex have been identified and—benefiting from the knowledge of the anatomical connectivity of the
brain as seen by diffusion tensor imaging studies—their spatiotemporal spread has been followed:
particularly, single-pulse TMS is able to evoke EEG activity composed at the vertex by a sequence of
deflections of negative polarity peaking at approximately 7, 18, 44, 100, and 280 msec, alternating with
positive polarity peaks at approximately 13, 30, 60, and 190 msec post-TMS (Figure 3) [150].

  

                      A                                                             B 
Figure 3. Panel (A): Transcranial magnetic stimulation (TMS)- electroencephalographic (EEG)
co-registration. Panel (B): TMS–EEG evoked responses (TEPs) recorded at vertex during supra-threshold
single-pulse stimulation of M1.

However, the previously described pattern of TEPs is not invariable because, in addition to
inter-individual differences, it depends on the stimulation intensity, the exact coil location and
orientation [149], the local and general state of the cortex [151], the level of vigilance [152], as well as
the age of the stimulated brain [153]. Given these unique features, TMS–EEG appears very suitable
to test and evaluate the functional brain architecture suggested by graph theory models, both at
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rest and during cognitive processes. Several TMS–EEG studies on the motor system at rest have
demonstrated that the TMS-induced activity spreads from the stimulated node to other nodes of
the same motor network: the TMS of the primary motor cortex causes the successive activation of
ipsilateral supplementary/premotor areas and contralateral motor region with a short conduction
time. The nature of these connections seems to be inhibitory rather than excitatory and depends on
the level of cortical activation immediately before and during the stimulation [125,153]. As therefore
observed, the restriction of the TMS-activity to the specialized motor network suggests a modular
node organization of functional brain architecture at rest. Other studies on the motor cortex at rest
have revealed that the stimulation of M1 also generates the late activation of areas outside the “motor”
network, including the cingulate gyrus and the temporo–parietal junction. The spread of the later
components of TEPs to other areas over the motor network suggests the involvement of further nodes
and brain hubs implicated in the transmission of information across the brain. Additional evidence
about this bottom-up signal propagation from lower-degree nodes to brain hubs has been provided by
studies on the visual system. On the contrary, the existence of mechanisms of top-down modulation has
been shown in several studies stimulating multimodal associative areas responsible for high cognitive
processes during task performance: it has been demonstrated that the diffusion of TMS-induced
activity from these areas across the brain could be divergent depending on the task context, preferring
the engagement of one network rather than another. This kind of TMS–EEG approach defines the
“interactive approach” and seems to confirm that the targeting of associative areas could correspond to
the brain hubs, a subset of high-degree brain sites able to mediate communication between multiple
modules or networks according to the cognitive context. These findings, taken together, highlight the
potential role of TMS–EEG to test the dynamic changes of cortico–cortical connectivity according
to graph theory predictions, identifying both a specialized modular/network segregation during
the resting state and a modular/network integration during high cognitive demands with dense
connectivity through brain hubs activation.

In addition to standard TEPs, single-pulse TMS or frequency-tuned train of pulses can also
trigger or enhance brain oscillatory activity or perturb ongoing rhythms of the targeted cortical
area, eliciting event-related phenomena, such as EEG rhythm synchronization or desynchronization.
Brain oscillations represent a mechanism through which the communication of neuronal assemblies—by
synchronization in specific frequency bands—is rendered more effective, precise, and selectively tuned
on the transmission of the relevant information. It has already been demonstrated that different cortical
areas, when stimulated, respond at a characteristic frequency, i.e., their natural frequency, and that
functionally segregated networks could oscillate at different frequencies at rest [154]. Given these
assumptions, some authors speculated that TMS could interact with such oscillatory patterns in the
directly stimulated cortical area and in distant areas belonging to the same neural network thus
inducing a resonant frequency activity in all “synchronized” areas of the same network by mechanisms
of longer-range synchronization (interregional coherence). This frequency-specific “resonant effect”
should ensure better information transfer across brain structures and could even determine changes
in the behavioral performance [155]. Therefore, the “rhythmic TMS–EEG approach” appears as a
promising tool in mapping the natural frequency of different cortical areas and identifying the role of a
specific frequency oscillatory activity in distinct brain functions.

With all these premises, despite some technical limitations, it is easy to realize how TMS–EEG
can be used to examine normal and altered effective brain connectivity under both physiological and
pathological specific conditions, indicating the strengthening or weakening of existing cortico–cortical
connections or the recruitment of compensatory networks. Indeed, besides assessment of the general
state of the brain, TMS–EEG can be used to track the interactions of brain areas during sensory processing,
cognition, or motor control and, moreover, to evaluate such neurological disorders as Alzheimer’s
disease (AD), characterized by altered connectivity. The few studies regarding this field [156–160],
integrating previous observations obtained with the use of the TMS alone (for example, [161,162],
already showed that the cortical stimulation in AD patients was associated with significant disruption
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in TMS-induced activity over several brain areas compared with healthy controls, suggesting a potential
role of TMS–EEG as a neurophysiological marker for diagnosis and early identification of mild cognitive
impairment (MCI) and AD (Table A1 in Appendix A).

In this context, our research group was able to describe—for the first-time—specific
neurophysiological hallmarks of motor cortex functionality in early AD [158]. By using TMS–EEG
co-registration, we have demonstrated that in mild AD patients without motor symptoms, the
sensorimotor system is strongly hyperexcitable and deeply rearranged with the recruitment of
additional neural sources, the activation of reverberant local circuits, and their integration in the
distributed network subtending sensorimotor functions. Thus, we have proposed this plastic cortical
reorganization would be ensured by the particular organization of the sensorimotor system based on a
distributed network with a replicated topographic organization of the same body part and could be
interpreted as a compensatory mechanism allowing for the preservation of sensorimotor programming
and execution since the preclinical stage trough the MCI stage and over a long period of time in spite
of disease progression [158]. Because of such encouraging findings, we are now employing TMS–EEG
to investigate hallmarks of sensorimotor cortex functionality in aMCI, assuming they represent the
subtending long-term plastic rearrangement induced by the neurodegeneration during the pauci
symptomatic prodromal stage and can thus affordably predict the future conversion to AD. TMS–EEG
recordings and analysis will be performed both to describe the excitability and effective connectivity of
the somatosensory network of the whole aMCI group with respect to a control group, and to investigate
baseline differences in these neurophysiological properties between the two groups. Particularly
we want to determine (1) whether the sensorimotor networks would show peculiar alterations in
aMCI as a whole group, and (2) if there is any hallmark of sensorimotor network disruption able to
predict long-term disease progression at the individual level. We are now finalizing a five-year clinical
follow-up in a restricted group of aMCI, and, effectively, our preliminary results are promising and
indicate that some parameters of the M1 functionality can be used as reliable biomarkers of AD.

3. Conclusions

The time is now right for searching for instrumental biomarkers for early—hopefully,
preclinical—diagnosis of dementia in order to contrast as soon as possible all the modifiable risk factors
for neurodegeneration, as well as to initiate (as soon as they will become available) disease-modifying
drugs. To reach this goal, all the health systems are actually looking for a combination of biomarkers
having clear characteristics: high accuracy/specificity/sensitivity, affordable costs, non-invasiveness,
and large territorial availability. Neurophysiological techniques have all the required characteristics
and are optimal candidates, at least for a 1st level screening.
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Appendix A

Table A1. Summary of the main studies that analyzed neurophysiological changes associated with the
development of dementia. List of abbreviations: electroencephalography (EEG), fluorodeoxyglucose
positron emission tomography (FDG–PET), mild cognitive impairment (MCI), Alzheimer’s disease
(AD), normal elderly (Nold), Small Worldness (SW), transcranial magnetic stimulation (TMS),
repetitive transcranial magnetic stimulation (rTMS), motor cortex (M1), Mini Mental State Examination
(MMSE), default mode network (DMN).

Author
(Year)

Methods Biomarkers Subjects Main Findings Reference

Babiloni C
(2016)

EEG,
FDG-PET

spectral
analysis
(power)

AD

19 AD patients were compared
with a group of 40 Nold. The AD
group performed FDG-PET. In the
AD patients, there was a positive

correlation between the
Alzheimer’s discrimination

analysis tool (PALZ) score and the
activity of delta sources in the

cortical region of interest (p < 0.05)
suggesting a relationship between

resting-state cortical
hypometabolism and

synchronization of cortical
neurons at delta rhythms in AD

patients with dementia.

[22]

Rossini PM
(2006) EEG

spectral
analysis
(linear

coupling)

AD, MCI

In 69 MCI, baseline fronto-parietal
midline coherence, delta

(temporal), theta (parietal,
occipital and temporal), and alpha

1 (central, parietal, occipital,
temporal, limbic) sources were

stronger in MCI Converted than
stable subjects (p < 0.05). Low
midline coherence and weak

temporal source were associated
with a 10% annual rate AD
conversion, while this rate

increased up to 40% and 60%
when strong temporal delta

source and high midline gamma
coherence were observed

respectively.

[31]

Jelic V (2000) EEG
spectral
analysis
(power)

MCI

In 27 MCI patients, progression to
AD in a follow up of 21 months

was associated with a significantly
higher theta relative power and
lower beta relative power and

mean frequency at the temporal
and temporo - occipital

derivations

[34]

Adler G
(2003) EEG

spectral
analysis
(power)

AD

A study with 31 AD compared
with 17 Nold. AD patients

showed a widespread increase in
delta and theta power density and

posterior decrease in α and β

power density with a lowering of
α power density peak.

[35]
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Table A1. Cont.

Author
(Year)

Methods Biomarkers Subjects Main Findings Reference

Stam CJ
(2007) EEG

spectral
analysis
(graph
theory)

AD

In a study with 15 AD vs. 13 Nold,
the characteristic path length L

was significantly longer in the AD
patients, whereas the cluster

coefficient C showed no
significant changes. This pattern
was still present when L and C

were computed as a function of K.
A longer path length with a
relatively preserved cluster
coefficient suggests a loss of

complexity and a less optimal
organization.

[42]

Jelles B (1999) EEG
spectral
analysis
(power)

AD

In a study with 24 probable AD vs.
22 Nold, the correlation

dimension (D2) was significantly
lower in the Alzheimer patients

compared to controls

[43]

Dauwels J
(2010) EEG

spectral
analysis

(nonlinear
coupling)

MCI

Two synchrony measures,
Granger casuality, and stochastic

event synchrony are able to
distinguish MCI patients from
age-matched control subjects.

[44]

Azami H
(2016) MEG entropy AD

In 36 AD vs. 26 Nold, multiscale
dispersion entropy (MDE) values
in AD compared with multiscale
permutation entropy (MPE) and

multiscale entropy (MSE) was
significantly lower than their

corresponding MSE- and
MPE-based values.

[45]

Babiloni C
(2009) EEG, MRI

spectral
analysis
(power)

AD, MCI

In a study with 35 AD, 80 MCI and
60 Nold, the EEG sources showed

a significant linear correlation
with hippocampal volume also

supported a non-linear correlation
with hippocampal volume

strongly for the logarithmic one,
suggesting that progressive

atrophy of hippocampus
correlates with decreased cortical

alpha power, as estimated by
using LORETA source modeling,
in the continuum, along MCI and

AD conditions.

[47]

Babiloni C
(2009) EEG, MRI

spectral
analysis
(power)

MCI

Study with 54 MCI subjects with
follow-up of 1-year vs. 45 Nold

and 50 AD. In MCI, the EEG
recordings showed a decreased
power of posterior alpha1 and
alpha2 sources, suggesting that

the resting state EEG alpha
sources were sensitive-at least at
the group level-to the cognitive
decline occurring in the amnesic

MCI group over 1 year.

[51]
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Jeong J (2004) EEG
spectral
analysis

(nonlinear)
AD

EEG in AD showed a lower
correlation dimension (D2) and
the largest Lyapunov exponent
(L1) values than in the healthy.
Despite their different focus on

static and dynamic properties of
the EEGs, the results of both D2
and L1 were associated with a

reduction of complexity in EEG
activity due to AD

[54]

Smits FM
(2016) EEG fractal

dimension AD

A comparision between 67 AD vs.
41 Nold showed a reduced fractal

dimension in AD compared to
healthy especially in

temporal-occipital regions

[61]

Escudero J
(2006) EEG entropy AD, MCI

In a study with 11 AD and 11
Nold, entropy metrics of

spontaneous EEGs in AD and in
MCI showed reduced irregularity

in AD patients’ EEG activity

[69]

Vecchio F
(2015)

EEG,
MRI/DTI

spectral
analysis
(graph
theory)

AD, MCI

40 subjects, including 9 Nold, 10
MCI, 10 mild AD, 11 moderate

AD. Callosal fractional anisotropy
(FA) reduction, observed in

subjects with Alzheimer’s disease
(AD) and mild cognitive

impairment (MCI), is associated
with a loss of brain

interhemispheric functional
connectivity characterized by
increased delta and decreased

alpha path length.

[97]

Vecchio F
(2014) EEG

spectral
analysis
(graph
theory)

AD, MCI

Analysis of a database of 378
participants, including AD, MCI,
and Nold. Path Length showed a
different pattern between normal

cognition and dementia as
observed in the theta band (MCI

subjects are found similar to
healthy subjects), while for the

normalized Clustering coefficient
a significant increment was found
for AD group in delta, theta, and
alpha 1 bands; the small world

parameter presented a significant
interaction between AD and MCI
groups showing a theta increase

in MCI.

[98]
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Miraglia F
(2016) EEG

spectral
analysis
(graph
theory)

AD, MCI

30 Nold, 30 aMCI, and 30 AD
during eyes closed EC and eyes

open EO. In Nold, in EO
condition, the brain network is
characterized by higher SW in
alpha bands and lower SW in

beta2 and gamma bands. In aMCI,
SW has the same trend, except for
delta and theta bands where the

network shows less SW. AD
shows a similar trend of Nold, but

with less fluctuations between
EO/EC conditions. aMCI presents

SW midway between AD and
Nold. In delta and theta bands, in

EC, the aMCI group presents
network’s architecture similar to

Nold, while in EO aMCI, SW
similar to AD

[112]

de Hann W
(2012) MEG

spectral
analysis
(graph
theory)

AD

In 18 AD vs. 18 Nold, graph
spectral analysis confirmed the
hub status of the parietal areas

and demonstrated a low centrality
of the left temporal region in the
theta band in AD patients that

was strongly related to the MMSE.
In AD, impaired network

synchronization and a clinically
relevant left temporal centrality

loss were found

[115]

Vecchio F
(2017) EEG

spectral
analysis
(graph
theory)

AD

In 110 AD and 34 healthy Nold,
Alpha band connectivity was

negatively correlated, while slow
(delta) and fast-frequency (beta,

gamma) bands positively
correlated with the hippocampal

volume of Alzheimer subjects.
The larger the hippocampal

volume, the lower the alpha, and
the higher the delta, beta, and

gamma Small World
characteristics of connectivity.

[126]

Vecchio F
(2018)

EEG, Apo-E
allele

spectral
analysis
(graph
theory)

aMCI

145 aMCI classified as Converted
to AD (C-MCI, 71) or Stable

(S-MCI, 74) according to follow
up. Small-World EEG analysis, in
combination with an Apo-E allele
testing, evaluate on an individual
basis with great precision the risk

of MCI progression (96.7%
sensitivity, 86% specificity and
91.7% accuracy (AUC = 0.97))

[127]
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Julkunen P
(2011) TMS-EEG

Cortical
Excitability

(P30
amplitude)

AD, MCI

In this study with 4 control
subjects, 5 MCI and 5 AD, the

TMS–EEG response P30
amplitude correlated with

cognitive decline and showed
good specificity and sensitivity in
identifying healthy subjects from

those with MCI or AD.

[156]

Casarotto S
(2011) TMS-EEG Cortical

Excitability AD

In this study with 9 healthy
young, 9 healthy elderly, and 9

AD, frontal cortex excitability was
not significantly different between

healthy young and elderly
individuals while was clearly

reduced in AD patients.

[157]

Ferreri F
(2016) TMS-EEG

M1 Cortical
Excitability

and
Connectivity

AD

In this study with 12 mild AD
patients, the sensorimotor system
was found hyperexcitable, and its

connectivity disrupted with
respect of 12 healthy elderly,
despite the lack of clinically

evident motor manifestations.

[158]

Bagattini C
(2019) TMS-EEG

Cortical
Excitability

(P30
amplitude)

AD

In this study with 26 AD patients,
the TMS–EEG response P30

amplitude predicted MMSE and
face-name memory scores.

Particularly higher P30 amplitude
predicted poorer cognitive and

memory performances.

[159]

Koch G (2018) rTMS,
TEM-EEG

Cortical
Excitability

and
Connectivity

AD

In 14 early AD, a 2-week
treatment with rTMS on the

precuneus induced a selective
improvement in episodic memory.

TMS-EEG recording revealed a
precuneus enhanced activity and

a modification of its functional
connectivity within the DMN

[160]

Ferreri F
(2003) TMS

M1 Cortical
Excitability

(MEP
amplitude)

AD

In 16 AD, motor cortex excitability,
measured with TMS, was

increased, and the center of
gravity of motor cortical output,
as represented by excitable scalp

sites, showed a frontal and medial
shift, without correlated changes
in the site of maximal excitability

(hot-spot).

[161]

Ferreri F
(2011) TMS

M1 Cortical
Excitability

(MEP
amplitude)

AD

In 10 AD patients before and after
long-term AchEIs therapy, M1

excitability was found to be
unchanged in patients with

stabilized cognitive performance
during the therapy.

[162]
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Abstract: Early diagnosis of Alzheimer’s disease (AD) and the identification of significant risk
factors are necessary to better understand disease progression, and to develop intervention-based
therapies prior to significant neurodegeneration. There is thus a critical need to establish biomarkers
which can predict the risk of developing AD before the onset of cognitive decline. A number of
studies have indicated that exposure to various microbial pathogens can accelerate AD pathology.
Additionally, several studies have indicated that amyloid-β possess antimicrobial properties and
may act in response to infection as a part of the innate immune system. These findings have led
some to speculate that certain types of infections may play a significant role in AD pathogenesis.
In this review, we will provide an overview of studies which suggest pathogen involvement in AD.
Additionally, we will discuss a number of pathogen-associated biomarkers which may be effective in
establishing AD risk. Infections that increase the risk of AD represent a modifiable risk factor which
can be treated with therapeutic intervention. Pathogen-based biomarkers may thus be a valuable tool
for evaluating and decreasing AD risk across the population.

Keywords: Alzheimer’s disease; virus; bacteria; dementia

1. Introduction

Alzheimer’s disease (AD) is an age-related neurodegenerative disorder. AD results in progressive
cognitive decline, and is the most common form of dementia in older adults. This incurable disorder
is predicted to affect approximately 100 million people globally by 2050 [1,2]. The characteristic
hallmarks of AD pathology are amyloid-beta (Aβ) peptide plaques, tau hyperphosphorylation,
and neuroinflammation. Currently, a clinical diagnosis of AD is only possible after disease onset
through post-mortem detection of amyloid plaques and neurofibrillary tangles [3]. Cognitive testing
can aid in the diagnosis of dementia, but strong cognitive impairments are usually only present at a
time point when successful therapeutic intervention is unlikely. Early diagnosis of AD is only possible
in rare cases in which the autosomal dominant early onset form of the disease is genetically inherited [4].
Considering the impact and prevalence of AD globally, there is an increasing need to understand
and identify biomarkers, in order to detect AD in individuals before the onset of disease and provide
mitigating therapeutics. Preclinical detection of biomarkers of Aβ, tau, and other neurodegenerative
effects have been extensively studied. Aβ and tau have been detected in cerebrospinal fluid and blood
plasma. Neuroimaging via magnetic resonance imaging (MRI) and positron emission tomography
(PET), specifically, FDG-PET, amyloid PET and structural MRI can also serve diagnostic roles in AD [1,5].
Interestingly, there is some indication of microbial and viral involvement in AD pathology. Given the
relatively high prevalence of certain pathogens, they can serve as biomarkers for preclinical AD. In this
review, we explore the role of microbes in AD pathology and the potential of various pathogens as novel
biomarkers for AD. This review is based on literature generated from searches conducted between
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1 April and 25 July 2020, using standard databases and search engines for scientific literature (PubMed
and Google Scholar), using the following keywords: “Alzheimer’s Disease”, “Pathogen Hypothesis”
“Viruses”, “Bacteria”. Additional references were collected from those discussed in the literature
generated through the search.

Amyloid-Beta

The Aβ peptide is integral to AD pathology. Aβ misfolding and the resultant Aβ plaques are
thought to be the root cause of cognitive decline in AD. Aβ aggregates are formed from the proteolytic
cleavage of a larger type 1 membrane glycoprotein, named amyloid precursor protein (APP). APP is
involved in maintaining neuronal homeostasis, neuronal development, signaling, and intracellular
transport [6]. APP is cleaved by β-secretases and γ-secretases, to produce an Aβ peptide ranging
from 37 to 49 amino acid residues [7]. Aβ aggregates are found in the hippocampus, neocortex,
and cerebrovasculature [8]. Aβ exists in different forms, including soluble Aβ, Aβ oligomers, and Aβ

plaque forms. These different forms are involved in neurodegeneration at different stages of AD [6].
Aβ plaques induce tau protein hyperphosphorylation and formation neurofibrillary tangles and
synaptic dysfunction. These plaques also generate the production of 4-hydroxynonenal, a toxic
aldehyde involved in lipid peroxidation, and disruption of cellular homeostasis [9]. Aβ aggregation
also leads to DNA damage and the release of inflammatory responses which result in the loss of
neuronal synapses and ultimately neuronal death [10]. Intriguingly, Aβ acts as an antimicrobial peptide
(AMP) and has been demonstrated to be effective against viruses, bacteria, and fungi. AMPs are a
group of defensins, histatins, and cathelicidins that primarily serve to defend the host against a wide
variety of pathogens. AMPs can also modulate cytokine release and adaptive immune responses.
Aβ has been demonstrated to function like the cathelicidin AMP LL-37. Aβ was shown to be effective
against the bacteria Streptococcus pneumoniae and fungus Candida albicans, which are the causative
agents of bacterial meningitis and neurocandidiasis, respectively. Aβ also inhibits certain other
bacterial species of the genera Pseudomonas, Escherichia, Streptococcus, Staphylococcus, Salmonella,
and Enterococcus [11,12]. There is also evidence indicating that Aβ can also inhibit replication of
seasonal and pandemic strains of the influenza A and herpes simplex virus 1 (HSV-1) viruses [13].
In fact, Aβ has been shown to be as effective as the antiviral drug Acyclovir at inhibiting HSV-1
neuropathology [14].

2. Pathogens and AD

2.1. Viral Pathogens in Neurodegeneration and AD

The idea that infections may play a role in Alzheimer’s disease (AD) pathogenesis dates back
nearly 30 years and has been a subject of debate in the field of AD (Figure 1) [15]. Previous studies have
suggested that amyloid-β (Aβ) may act as a part of the innate immune system to aggregate around
infectious particles. Eimer and colleagues showed that 5XFAD mice infected with herpes simplex virus
1 (HSV-1) showed increased survival rates compared to infected non-transgenic littermates. Moreover,
Aβ was found to bind to and entrap HSV1, in a process mediated by fibrillization. Aβ deposition
could be triggered by HSV1 infection in young 5XFAD mice, prior to the ordinary development of Aβ

deposits [16]. Additionally, brains from Alzheimer’s disease patients have been shown to have increased
levels of human herpesvirus 6 and human herpesvirus 7 in several key areas [17]. HSV-1 infection has
also been shown to drive the development of amyloid fibrillar plaque-like formations in human-induced
neural stem cells and 3D human brain-like tissue cultures [18]. While different types of herpesvirus
have been associated with AD pathology and detected in the brains of AD patients, there is also
evidence to suggest that other viruses (and other types of pathogens) may also play a role in AD.
For example, Nimgaonkar and colleagues found that exposure to HSV-2, cytomegalovirus (CMV),
or the parasite Toxoplasma gondii (TOX) was associated with cognitive decline in individuals aged
65 and older [19]. Additionally, Ljungan virus (LV) has been detected in the hippocampus of AD
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brains, but not in age-matched controls [20]. The detection of different viral strains in the brains of
different cohorts of patients hints at the idea that viral infection may play a role in AD or that AD may
increase susceptibility to neuroinvasion by viruses. It is currently unclear if one or more pathogenic
infections might directly stimulate (or accelerate) AD, or if AD creates an environment which facilitates
the accumulation of infections in the brain through altered immune function. In this regard, it is
interesting to consider the case of HIV, in which immune function is compromised in the presence
of a persistent viral infection. In particular, HIV-associated neurocognitive disorders (HAND) have
been associated with the presence of β-amyloid, and HAND patients have been shown to have similar
cerebrospinal fluid levels of β-amyloid 1-42 when compared to patients with Alzheimer’s associated
dementia [21,22] Compromised immune function may thus be a critical driver of neurodegeneration
by allowing infectious pathogens such as viruses to enter the brain at levels which exceed the capacity
of the innate immune system within the brain. A number of different viruses have been shown to
enter the brain and cause neurodegeneration, often with accompanying protienopathy. For example,
the family of H5N1 avian influenza A viruses responsible for a previous epidemic in Asia have been
shown to produce Parkinsonian-like neurodegeneration in mice. H5N1 induced neurodegeneration
was accompanied by α-synuclein phosphorylation and neuroinflammation. Interestingly, microgliosis
persisted long after the infection resolved and was observable at a time point 90 days from the initial
infection [23].

 

Figure 1. Involvement of Pathogens in Alzheimer’s disease (AD). Pathogens such as viruses and
bacteria can become entrapped by amyloid-β after entering the brain. Amyloid fibrils form in response
to certain pathogens, and infection may play a role in accelerating AD pathology by stimulating
inflammation and neurodegeneration.
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An intriguing idea which has emerged regarding viral infection and neurodegeneration is
the “multi-hit” or “hit and run” hypothesis. This notion is supported by a study from Sadasivan
and colleagues, who showed that infection with influenza H1N1 virus 30 days prior to MPTP
administration markedly enhanced neurodegeneration in the substantia nigra pars compacta (SNpc) of
mice. Furthermore, this enhancement of MPTP induced neurodegeneration could be alleviated by prior
vaccination [24]. Thus, it is possible that a viral infection at one time point may later synergize with
other factors (i.e., environmental toxins, lifestyle choices, genetic background), to cause or accelerate
neurodegeneration. The above-mentioned studies regarding influenza viruses and Parkinsonian like
neurodegeneration provide additional insight as to the potential role of viral pathogens in stimulating
neurodegeneration independent of β-amyloid. Persistent inflammation stimulated by viral infection
may be a critical component in predisposing individuals to AD. Neuroinflammation and neuro-immune
interactions have gained attention in recent years as potential driving factors of neurodegeneration [25].
Thus, the pathological effects of increased neuroinflammation paired with its ability to inhibit amyloid
clearance may create a bi-directional relationship, whereby viruses (or other pathogens) are able to
both increase amyloid activity through direct interactions, while preventing amyloid clearance through
stimulation of inflammation.

2.2. Bacterial Pathogens and AD

In addition to the above-mentioned viruses, bacterial pathogens have also been associated with
AD. In particular, there is mounting evidence linking periodontal disease and AD. Periodontitis,
commonly known as gum disease, is an oral infection resulting in the release of proinflammatory
cytokines into the bloodstream and the increase of C-reactive protein. It is caused by the gram-negative
anaerobic bacterium Porphyromonas gingivalis [26]. P. gingivalis and its associated toxins, referred to
collectively as gingipains, have been identified in 96% of postmortem brain tissue samples of AD
patients and are thought to exacerbate AD pathology [27]. Gingipains play a key role in P. gingivalis
mediated aggravation of AD. Gingipains are a group of cysteine proteases secreted by P. gingivalis
that cause neuronal damage, increased tau production, and increased production of neuro-toxic
APOE fragments. Additionally, P. gingivalis induces neuroinflammation, inflammasome activation,
and other immune system multiprotein complexes in the brain that result in neurodegeneration and
Aβ plaque formation [27,28]. In animal models, P. gingivalis has been demonstrated to travel to
the brain following oral inoculation. Interestingly, in mouse models, Aβ1-42 was found to act as
an antimicrobial peptide against P. gingivalis. Aβ1-42 inhibited P. gingivalis by disrupting its cell
membrane. Notably, P. gingivalis can be detected in the CSF of AD patients and can thus potentially be
used as a biomarker for AD [27]. Other bacteria involved in periodontitis include Aggregatibacter
actinomycetemcomitans, Prevotella intermedia, Fusobacterium nucleatum, Tannerella forsythensis,
Eikenella corrodens, and Treponema denticola. These various bacteria induce inflammation and thus
promote neurodegeneration, though there is some evidence alluding to their presence in the brain [26].
The spirochete Borrelia burgdorferi (B. burgdorferi) is the causative agent of Lyme disease, and has
also been linked with AD. B. burgdorferi has been detected in the brains of AD patients and is known
for its neurodegenerative effects [29,30]. Additionally, Chlamydia pneumoniae (C. pneumoniae) has
been detected in the brains of AD patients and may be another factor driving AD pathology [31].
Infection with Helicobacter pylori (H. pylori) has also been associated with increased risk of AD.
Infection with H.pylori has been associated with lower cognitive abilities, as well as increased
levels of CSF tau and phosphorylated tau among AD patients [32]. Gut microbiome dysbiosis and
altered microbiome composition have been implicated in AD and various other neurodegenerative
disorders [33]. The gut microbiome produces lipopolysaccharides, neurotoxins, and microbial
amyloid. These bacterial products are involved with amyloid plaque formation, neurofibrillary tangles,
and neuroinflammation. The gut microbiome composition is also altered in individuals with AD,
with the increased relative abundance of bacteria of the genera Verrucomicrobia and Proteobacteria and
decreased abundance of Ruminococcus and Butyricicoccus genera [33]. Interestingly, gut microbiota
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have also been found in the brains of AD patients [34]. The penetrance of gut bacteria into the brain
could represent a potential trigger of amyloidosis, that could occur independently of traditional
pathogen infection (Figure 2). This could potentially represent a potential mechanism similar to the
association between gingivitis and AD, whereby dysregulation of the microbiome could render the
host susceptible to amyloidosis and neurodegeneration.

 

Figure 2. Potential Role of Gut Bacteria in Neurodegeneration. Age-related changes in intestinal
permeability and blood brain barrier integrity may allow for penetrance of gut bacteria into the brain
and promote the formation of amyloid fibrils. Future studies should focus on the role of gut bacteria as
a potential trigger to the amyloid cascade.

2.3. Other Pathogens and AD

Fungal infection may also play a role in the pathology of AD. Fungal proteins and DNA have
been detected in the brains of AD patients [35]. Additional studies have revealed that fungal proteins
and DNA can also be detected peripherally and may make suitable biomarkers (see below for further
discussion). The protozoan parasite T. gondii, which is thought to infect up to 50% of the world’s
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population, is known to cause encephalitis and neurological dysfunction. It is thought that T. gondii
may be involved with neuroinflammation and olfactory dysfunction in AD pathology [36].

3. Pathogen-Based Biomarkers

Based on the above-mentioned studies linking various pathogens with AD and age-related
cognitive decline, it may be rational to use biomarkers based on pathogen exposure to assess the risk
for developing AD in elderly individuals. In cases of active infection, intervention with antimicrobial
treatments may be a suitable method of reducing AD risk, particularly in patients with advanced age.
We discuss below a number of biomarkers based on pathogens which have been linked to AD and
cognitive decline (Table 1).

3.1. Antimicrobial Peptides as Biomarkers in AD

Defensins are a family of disulfide knotted antimicrobial peptides that entrap pathogens as a part of
the innate immune system [37]. Moreover, α-Defensins 1 and 2 were shown to be elevated in the blood
of AD patients and may make a suitable biomarker for detecting AD status [38]. Another anti-microbial
protein that might make a suitable biomarker for AD is lactoferrin. Lactoferrin is an antimicrobial
peptide that is present in saliva and correlates with AD status. Saliva samples from amnesiac mild
cognitive impairment (aMCI) and AD patients showed decreased levels of lactoferrin when compared
with controls, and a significant negative correlation was found between lactoferrin and aMCI and AD
patients. These results suggest the potential usage of lactoferrin as a non-invasive salivary biomarker
for AD [39]. Tears contain a number of antimicrobial proteins that act as part of the innate immune
system. Several proteins present in tears have been shown to be differentially expressed in AD patients
and may serve as suitable biomarkers. In particular, changes in the expression of the antimicrobial
proteins lipocalin-1, dermcidin, lysozyme-C and lacritin have been reported using tear samples of AD
patients [40].

Table 1. Pathogen-Based Biomarkers in AD. Numerous pathogens have been associated with AD
pathogenesis and the onset of cognitive decline. Biomarkers are listed along with their source and
relationship to AD.

Biomarker Source Description Reference

Antimicrobial
Peptides

α-Defensin 1 Blood Increased in blood of
AD patients. [39]

α-Defensin 2 Blood Increased in blood of
AD patients. [39]

Lactoferrin Saliva Decreased with AD and aMCI. [40]

Lipocalin-1 Tears Decreased in AD. [41]

Dermcidin Tears Increased in AD. [41]

Lysozyme-C Tears Decreased in AD. [41]

Lacritin Tears Decreased in AD. [41]

Antibodies

IgG against
Epstein-Barr Virus Blood Correlates with

development of aMCI. [42]

IgG and IgA against
C. pneumoniae Blood Detectable in patients with

vascular dementia. [43]

IgG against HSV-2 Blood Correlates with
cognitive decline. [25]
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Table 1. Cont.

Biomarker Source Description Reference

IgG against CMV Blood Correlates with
cognitive decline. [25]

IgG against T. gondii Blood Correlates with
cognitive decline. [25]

IgM against HSV-1 Blood Associated with
increased risk of AD. [44,45]

IgG against H. Pylori Blood Associated with
lower MMSE scores. [35]

Other

Fungal Proteins and DNA CSF, Blood Detectable in AD patients. [36,46]

Gut Microbiome
composition fecal matter Correlates to gut dysbiosis

and cognitive decline. [6,47]

Porphyromonas gingivalis CSF
Identified in 96% of

postmortem brain tissue
samples of AD patients.

[30]

3.2. Antibodies as Biomarkers for AD

Antibodies against pathogens associated with AD are readily detectable in blood, and may be a
reasonable way of establishing AD risk in the elderly. A number of studies have shown correlations
between antibodies against various pathogens and cognitive decline. For example, elevated levels of
IgG against Epstein–Barr Virus (EBV) have been shown to correlate with the development of aMCI [41].
The presence of C. pneumoniae in AD patients has been well documented (see discussion above),
and IgG and IgA antibodies against C. pneumoniae have been detected in patients with vascular
dementia [42]. Additionally, IgG antibodies against HSV-2, CMV, and TOX have been shown to
correlate with cognitive decline in individuals over the age of 65 and may also serve as rational
biomarkers. While the study by [19] did not find any significant correlation between HSV-1 antibodies
and cognitive decline, other groups have reported on the possibility of HSV-1 antibodies as potential
biomarkers for AD [43,44]. In a study by Roubaud-Baudron et al., the presence of IgG antibodies
against H.Pylori was associated with lower scores on the mini-mental state examination (MMSE) and
increased CSF tau levels, among AD patients [32]. AD has also been linked with increased T. gondii
IgG antibodies. These antibodies can serve as potential AD biomarkers, given the high prevalence of
T. gondii infection globally [36].

3.3. Other Potential Biomarkers

Additional pathogens such as fungi may also serve as potential biomarkers in AD. Fungal proteins
and DNA have been detected in the CSF for AD patients [45]. Furthermore, fungal polysaccharides,
proteins, and DNA have all been detected in blood samples drawn from AD patients [35].
The relationship between the gut microbiome and various neurological diseases has been an area of
growing interest in recent years, and may be another option to consider for monitoring the progression
of AD. Variation in gut microbiome composition detected from stool samples can also be a preclinical
biomarker for AD, given the increased relative abundance of bacteria of the genera Verrucomicrobia
and Proteobacteria found in AD. Gut microbiome products such as microbial amyloids and neurotoxin
BMAA play a role in neurodegeneration, and can also potentially serve as AD biomarkers [33,46].
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4. Conclusions

While the presence of pathogens or antibodies against certain pathogens may not directly indicate
a positive diagnosis of AD per se, it is important to note that these biomarkers may be appropriate
for determining at-risk cohorts of elderly individuals. The potential to identify at risk individuals
and administer prophylactic treatments is of great value to the field of AD research. In particular,
the administration of antimicrobial treatments (antiviral, antifungal, antibacterial, anti-parasitic)
after positive confirmation of an infection carries little risk, and could be neuroprotective. A recent
analysis of data from Taiwan’s National Health Insurance Research Database found that treatment
with antiherpetic medications was associated with a decreased risk of developing dementia [47].
Furthermore, a clinical trial is currently underway to evaluate the antiviral therapy valacyclovir in the
treatment of AD [48].

As it stands, there is currently preclinical evidence to suggest that β-amyloid can directly bind
pathogens, and that pathogenic infection can accelerate amyloid pathology in transgenic animal
models of AD. Additionally, multiple preclinical studies have demonstrated the neurodegenerative
properties of certain pathogens. In terms of clinical data, there are a number of studies providing
correlational evidence between the presence of various pathogens and the diagnosis of AD. There is
thus a critical missing link between amyloid entrapment of pathogenic microbes, and widespread
neurodegeneration. Some insight as to the potential mechanism by which infection may stimulate
neurodegeneration can be taken from a recent study examining interferon signaling in response to
β-amyloid. Roy and colleagues showed that soluble oligomers interact with nucleic acids (DNA and
RNA) or glycosaminoglycans (i.e., heparin), and that these interactions promote the formation of
amyloid fibrils. Interestingly, only amyloid fibrils containing nucleic acids promote type 1 interferon
response, inflammation, and synaptic loss. Type 1 interferon response was observed across several
different transgenic mouse lines, indicating that self-DNA or self-RNA may trigger this response.
Additionally, wild type mice that received a hippocampal injection of amyloid fibrils containing
RNA showed an inflammatory profile similar to that observed in transgenic models of AD [49].
These findings are very exciting when viewed in the context of other studies, which have shown that
amyloid fibrils can form after binding to viral particles such as herpes simplex virus (a double stranded
DNA virus). Type 1 interferon response usually occurs as a part of the innate immune response to viral
infection; thus, the finding that nucleic acid containing amyloid fibrils stimulates type 1 interferon
suggests that Aβ may be an integral component of antiviral defense in the brain. Blocking type 1
interferon response and other immune-related signaling pathways which occur after Aβ entrapment
of pathogens may thus be a rational therapeutic strategy in treating AD.

A critical question also becomes whether AD is directly stimulated by one or more pathogens
entering the brain, or if AD can occur as a result of dysfunction of Aβ driven anti-viral defenses.
Thus, future studies investigating both the function and dysfunction of innate immune responses
in the brain will be critical to our understanding and diagnosis of AD. In particular, it is necessary
to understand how other factors, such as diet, genetic background, and exposure to environmental
toxins may confer susceptibility to neuroinvasion by pathogenic microbes. It is also possible that the
reason why so many different pathogens are readily detected in the brains and blood of AD patients is
that AD may fundamentally weaken the immune system. Decreased activity or dysfunction of the
peripheral immune system may force the innate immune system of the brain to bear a heavy burden
when faced with pathogenic infections during AD. Thus, increased reliance on the antimicrobial
activity of Aβ during AD may force an already burdened system to a “breaking point”, in which
severe neurodeneration is facilitated by excessive amyloidosis, microglial activation, and immune
dysfunction in the brain.
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There is still a great deal of research that needs to be done to establish a direct causal link between
AD and pathogenic infection. In particular, several key areas need to be addressed. One critical
consideration is that AD may merely increase susceptibility of infection, thus allowing various
pathogens to enter brain and making their detection either a secondary occurrence or an artifact.
To address this possibility, it will be critical to examine the brains of patients with familial AD to
determine if pathogens can be detected that are not present in age-matched controls. This would help
one to better understand if AD fundamentally facilitates pathogenic infections in the brain, which
would provide insight as to whether infection is a primary or secondary occurrence in sporadic AD.
If no pathogens are present in the brains of patients with familial AD, it might suggest that AD is
primarily caused by the brain’s innate immune system behaving in a dysfunctional manner (i.e.,
amyloid entrapment of host DNA/RNA as opposed to pathogen DNA/RNA). Another critical area
which must be addressed is the high detection rate of different pathogens in various cohorts of AD
patients. For example, differing studies have found P. gingivalis, LV, or human herpesvirus (as well as
other pathogens) in all or nearly all of the brains from AD patients observed in the respective cohorts of
each study [17,20,27]. This would imply that, if we were to extrapolate the findings of each individual
cohort to the broader AD population, then all AD patients would be expected to present with multiple
pathogenic infections simultaneously. Thus, it is crucial to determine if multiple pathogens can indeed
be detected within the same brains of AD patients. If multiple pathogens cannot be detected within a
single AD brain, it might imply that geographical differences in exposure to various pathogens might
cause a specific pathogen to be overrepresented in one particular cohort. This would also suggest
the possibility that multiples pathogens might be independently capable of stimulating the same
pathogenic processes within AD. While the underlying mechanisms linking specific infections and AD
are not explicitly known, the consistent association of various pathogens in AD cannot be ignored. It is
thus critical to evaluate the presence of pathogen related biomarkers in elderly individuals, to aid in
the construction of an AD risk profile.
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