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ABSTRACT OF THIS THESIS

This PhD thesis comprises two complementary research projects concerning early pathological mechanisms
and potential intervention strategies in Alzheimer’s disease (AD), employing the 5xFamilial AD (FAD) murine
model. The first project investigates the retina as a non-invasive window into early AD-related pathological
changes. A detailed morpho-functional and molecular characterization reveals significant alterations in retinal
function and structure starting from 6 months of age, including retinal ganglion cell loss, visual acuity deficits,
and widespread deposition of amyloid beta (AB) and hyperphosphorylated Tau. These changes are
accompanied by pronounced microglial activation, neuroinflammation, oxidative stress, and apoptosis.
Notably, the downregulation of miR-3968 and miR-124-5p in the retina is strongly associated with enhanced
neuroinflammatory and apoptotic signaling, underscoring the role of miRNAs in AD-related retinal pathology.
These findings place the retina as a promising biomarker for early AD diagnosis and molecular monitoring.
The second project focuses on cerebral microcirculation, highlighting early vascular impairments in 5XxFAD
mice as early as two months of age. Observed abnormalities include reduced arteriolar density, capillary
rarefaction, increased permeability, and early downregulation of claudin-5, indicating disruption of the blood-
brain barrier. These cerebrovascular abnormalities are also associated with hypoxic conditions, reduced
expression of AB-degrading enzymes, increased AP burden, and activation of neuroinflammatory pathways.
Importantly, dietary administration of Acebuche olive oil demonstrated protective effects by preserving
vascular integrity, reducing hypoxia and inflammation, and improving cognitive performance. However, its
long-term efficacy was lost at 6 months, likely due to systemic metabolic disturbances, including hepatic
steatosis, highlighting the importance of dosing strategies for sustained benefits. Together, these studies
emphasize the retina and cerebral vasculature as early and vulnerable targets in AD, driven by shared
mechanisms of A accumulation, glial reactivity, and inflammation. Furthermore, these studies advance the
investigation of minimally invasive diagnostic tools and dietary interventions with translational applicability.
Taken together, the findings provide new perspectives on the systemic pathophysiology of AD and inform the
design of integrated, multi-modal strategies for early diagnosis, longitudinal monitoring, and preventive

intervention.



1. INTRODUCTION

1.1 An in-depth overview of the retinal morpho-functional features

The retina represents the innermost layer of the eye and is formed by a highly organized and stratified structure
characterized by different cell types that form morphologically and functionally distinct circuits working in
parallel, and in combination, to convert the light into neurochemical signals in order to produce a complex
visual image (Masland, 2012). The retina is structurally divided into the retinal pigment epithelium (RPE) and
the neural retina (NR). The RPE represents the outermost part of the retina and is formed by a single layer of
regular polygonal epithelial cells that play a key role in maintaining normal cell renewal, as well as protecting
the retinal cells from photo-oxidation damage and forming a highly selective blood-retinal barrier (BRB)
between the choroid vessels and NR components (Yang et al., 2021). On the other hand, NR is the innermost
part of the retina and plays a crucial role in converting light signals into visual information. The NR is typically
characterized by a multi-layered structure composed of three nuclear layers, namely the outer nuclear layer
(ONL), inner nuclear layer (INL), and ganglion cell layer (GCL), as well as two plexiform layers, namely the
outer plexiform layer (OPL) and inner plexiform layer (IPL). Within these layers are found numerous types of
cells having specific functions, including six neuronal cell types such as photoreceptors (rods and cones),
bipolar cells, interneurons (horizontal and amacrine cells), and retinal ganglion cells (RGCs), as well as
sustaining cells such as macroglia (Miiller cells and astrocytes), and immune cells such as microglia (resident
tissue-specific macrophages) (Fig. 1) (Grigoryan, 2022). Particularly, the ONL contains the photoreceptor
nucleus, the OPL contains the synapse between photoreceptors and bipolar cells, the INL contains the cell
bodies of bipolar and interneurons, the IPL contains the synapse between bipolar, interneurons, and RGCs,
while the GCL primarily contains RGCs whose axons form the retinal nerve fiber layer (RNFL) (Hussey et
al., 2022).

Nerve fiber layer
Ganglion cell layer
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« Inner plexiform
layer (IPL)
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o Outer nuclear
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Figure 1. The structure of the retina and its main cell types (Grigoryan et al., 2022).
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1.1.1 Photoreceptors and phototransduction process

Photoreceptors are specialized neurons able to convert a light stimulus into a neurochemical signal, ushering
in the first steps of the phototransduction process. Both rods and cones have a highly compartmentalized
structure characterized by an outer segment (OS), a collecting cilium (CC), an inner segment (IS), a nuclear
region, and a synaptic terminal region (STR) (Molday and Moritz, 2015). The OS originates from the plasma
membrane invaginations that overlap, forming a lamellar structure with a typical conical (in cones) or
cylindrical (in rods) shape. The OS contains a large number of photopigment molecules, which are formed by
a chromophore molecule (11-cis retinal) and a protein moiety (opsin) covalently linked through a Schiff base.
The spectral sensitivity of each photoreceptor type is determined by the expression of different opsin proteins,
which differ from one another due to their distinct amino acid compositions. The rods are involved in scotopic
vision (low-light conditions) and express exclusively rhodopsin, a photopigment highly sensitive to light
stimuli that shows maximal absorption efficiency at a wavelength of 498nm. The cones are implicated in
photopic vision (light condition) and express S-, M-, or L-opsin, which have lower sensitivity to light stimuli
but show maximal absorption efficiency at wavelengths of 420nm (blue), 534nm (green), and 564nm (red),
respectively (Hussey et al., 2022; Inamoto and Shichida, 2014). The CC is an important microtubular structure
that physically links OS and IS, also allowing the traffic of specific proteins between them. The IS contains
the metabolic and biosynthetic machinery of the photoreceptor, including ion channels, membrane transport
proteins, mitochondria, endoplasmic reticulum, Golgi complex, lysosomes, and other important subcellular
organelles. In continuity with the IS, there is the nuclear region that houses the nucleus. The last part of the
photoreceptors is represented by the STR, which consists of synaptic vesicles and a ribbon synapse for
transmission of the neurotransmitter glutamate from photoreceptors to bipolar and other secondary neurons
(Molday and Moritz, 2015). The phototransduction process begins when light reaches photoreceptors in the
eye, causing a change in the chromophore from 11-cis-retinal to all-trans-retinal. This activates opsin, which
triggers a cascade involving the G-protein transducin and the enzyme phosphodiesterase 6, leading to lower
levels of cyclic guanosine monophosphate (cGMP), closure of cGMP-dependent sodium channels,
hyperpolarization of the photoreceptor, and reduced glutamate release. In dark conditions, cGMP levels remain
high with subsequent opening of cGMP-dependent sodium channels, depolarization of the photoreceptor, and
release of glutamate (Hussey et al., 2022). Glutamate then acts on downstream bipolar cells: ON bipolar cells
(with metabotropic receptors) hyperpolarize, while OFF bipolar cells (with ionotropic receptors) depolarize.
In light conditions, reduced levels of glutamate cause the opposite responses. These signals are processed by
bipolar and interneurons, eventually activating RGCs, which send action potentials along the optic nerve to

the visual cortex of the brain (Nelson and Connaughton, 1995).

1.1.2 Retinal ganglion cells: morpho-functional and metabolic characteristics

RGC:s play a key role in the transmission of the visual signals from the retina to the brain. These signals are

involved in both the conscious visual perception and non-image-forming processes, such as the optokinetic,
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vestibulo-ocular, and pupillary light reflexes, as well as circadian rhythm regulation and modulation of the
sleep/wake cycle. RGCs can be divided into two main groups, namely intrinsically photosensitive RGCs
(ipRGCs) and non-ipRGCs (Yang et al., 2024). The ipRGCs are non-image-forming retinal cells divided into
MI1-M6 subtypes. M1 cells express high levels of melanopsin and regulate circadian rhythms and reflexes,
while M2-M6 are involved in the effects of light on mood and some visual processing, with lower melanopsin
levels (Mure, 2021). On the other hand, the non-ipRGCs contribute to conscious visual perception by
integrating signals from other retinal neurons. Nowadays, several non-ipRGCs types have been discovered,
each of which is characterized by a variable number of dendrites having different shapes, sizes, stratification,
and compactness. The cell body is generally larger than that of other retinal cells and is placed in the GCL.
Their axons are projected from the cell body, enter the NFL, turn into the optic nerve head, cross the lamina
cribrosa, and then emerge posterior to the ocular globe and become myelinated and organized in bundles,
giving form to the optic nerve (Carelli et al., 2009). For the long intraocular length, these axons remain
unmyelinated and thus very energy dependent to transmit the action potential. Once they achieve myelination
posterior to the globe, their energy dependence drastically decreases due to the higher efficiency of saltatory
action potential conduction. This physiological dichotomy is reflected in the need to distribute the
mitochondria asymmetrically, such that they are very abundant in the intraocular unmyelinated portion, and
remarkably fewer posterior to the lamina cribrosa, where they remain in clusters under the nodes of Ranvier
or travel towards the synaptic terminal (Kim et al., 2021; Carelli et al., 2009). Due to the high energy demand
of RGCs, mitochondrial activity is essential to sustain their function and guarantee their survival. Indeed, it is
well-known that mitochondria ensure an optimal production of energy through oxidative phosphorylation
processes and regulate the intracellular calcium levels to allow a proper synaptic transmission, neurotransmitter
release, and RGC function. In addition, mitochondria maintain the redox homeostasis in RGCs by effectively

controlling reactive oxygen species (ROS) levels and managing oxidative stress (Yang et al., 2024).

1.1.3 Glial cells support and modulate the retinal function

The term glial cell is derived from the ancient Greek word for “glue”, as initially these cells were thought to
merely act as supporting structures for surrounding neurons. Nowadays, it is well-known that glial cells play
several complex functions beyond the provision of structural support to retinal neurons, such as providing
metabolic support to neurons, maintaining retinal homeostasis by regulating ion and glucose exchange,
maintaining neuron functionality by regulating the levels of neurotransmitters as glutamate, protecting the
neurons from oxidative stress and performing an immune activity against infections, damages as well as the
accumulation of molecules with inflammatory properties (Garcia-Bermudez et al., 2021). Particularly, retinal
glia is subdivided into macroglia and microglia. The macroglial component is characterized by two basic cell
types: Miiller cells and astrocytes. In addition, oligodendrocytes are occasionally seen in the retina, but only
when myelinated RGC axons are present in the NFL. Miiller cells represent the most common retinal glial cell,

followed by astrocytes and microglial cells. They are a highly specialized cell type, radially oriented, which
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spans the width of the NR from the outer limiting membrane (a network of junctions between photoreceptors
and Miiller cells), where their apical ends are located, to the GCL, where their basal feet terminate, forming
the inner limiting membrane. The cell body of the Miiller cells is generally located in the INL. Given their
spatial arrangement, each Miiller cell can be considered as the fulcrum of a columnar microunit of retinal
neurons, by anatomically linking retinal neurons with retinal blood vessels, vitreous body, and subretinal space
(Hoz et al., 2016). Among the numerous functions performed by Miiller cells, one of the most important is
based on controlling the retinal neuron functionality by regulating the extracellular concentration of
neuroactive substances such as potassium ions, GABA, and glutamate. Miiller cells are also involved in the
warehousing and release of glucose, which represents the main energy source for the surrounding retinal
neurons. Additionally, they play a key role in the removal of neuronal metabolic waste products, retinal repair
processes, and neuroprotective processes through the secretion of neurotrophic factors, angiogenic molecules,
and antioxidants. Moreover, their characteristic funnel shape, the radial alignment, and more suitable physical
properties allow light to be optimally transmitted from the vitreous to the retinal photoreceptors (Kobat and
Turgut, 2020). Astrocytes, also defined as astroglia, take their name due to their star shape. In contrast to
Miiller cells, astrocytes are not homogeneously distributed in all retinal layers but are almost entirely restricted
to the NFL and the GCL. Similar to Miiller cells, astrocytes are involved in maintaining retinal neuron
homeostasis and play an essential part in the proper development and functioning of the retinal vascular system,
including blood flow and the formation of the BRB (Garcia-Bermudez et al., 2021; Fernandez-Sanchez et al.,
2015). Not coincidentally, both macroglial cell types have a close relationship with neurons, endothelial cells,
pericytes, and the major blood vessels that originate from the central retinal artery, giving life to a trilaminar
vascular network comprising the superficial, intermediate, and deep vascular plexuses (Fig. 2). The presence
of this complex vascular network is essential to support the activity of the various retinal regions by regulating
local blood flow according to neuronal energy demand. In high-activity areas, blood flow is increased to deliver
more oxygen and energy substrates, while in low-activity areas, blood flow is reduced (Grimes et al., 2024;
Howarth, 2014). Microglial cells are resident immune cells spread in the central nervous system (CNS),
including the retina. They are derived from progenitor cells of the yolk sac, and during CNS development, they
infiltrate the retinal tissue where they regulate neurogenesis, promote neuronal survival, provide trophic
support to the surrounding neurons, take part in myelination and the establishment of normal vascularization
of the retina, and participate in synaptic pruning to ensure appropriate neuronal connections (Rathnasamy et
al., 2019). In physiological conditions, these glial cells are generally confined to the inner retinal layers, where
they are constantly engaged as the first line of defence against potentially pathogenic factors by monitoring
the surrounding microenvironment with extremely motile processes and protrusions. When microglial cells
recognize a damaging or pathogenic factor, they change from a highly ramified morphology to an ameboid
form, shifting from a surveillant to an activated state. Once activated, microglial cells quickly migrate to the
injury site and eliminate the pathogenic factor through phagocytosis (Wei et al., 2022). Particularly, microglial
cells can be classified into two specific activated phenotypes: microglia of type 1 and type 2. Macroglial

phenotype of type 1 was referred to as “classic activation”, where the cells release chemokines and pro-
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inflammatory mediators, inducing neuroinflammation and neurotoxicity. Instead, the phenotype of type 2 was
juxtaposed to an “alternative activation”, and can be further subcategorized into 2a, 2b, and 2c types, all
involved in wound healing and release of anti-inflammatory and neuroprotective factors (Guo et al., 2022; Wei

et al., 2022).
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Figure 2. Schematic representation of retinal cell components (left) and retinal blood vessel network (right). GCL, ganglion cell layer;
IPL, inner plexiform layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer; SVP, superficial vascular

plexus; IVP, intermediate vascular plexus; DVP, deep vascular plexus (Grimes et al., 2024).
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1.2 An overview of the brain: anatomical and functional characteristics

The human brain represents one of the most complex biological systems, with over 100 billion neurons
involved in developing and regulating numerous essential processes, such as movement, senses, emotions,
language, communication, thinking, and memory. Brain development is a dynamic and highly regulated
process that begins prenatally and continues in adulthood, involving several key phases such as neurogenesis,
neural migration, neuronal differentiation, synaptogenesis, myelination, and synaptic pruning (Maldonado and
Alsayouri, 2025; Stiles and Jernigan, 2010). Once formed, the brain can be structurally divided into 3 main
parts: cerebrum, cerebellum, and brainstem. The cerebrum can be further classified based on the embryological
origin or morphological features. From an embryonic point of view, the cerebrum is subdivided into
prosencephalon (forebrain), mesencephalon (midbrain), and rhombencephalon (hindbrain). On the other hand,
the cerebrum can be morphologically separated by a longitudinal fissure, defined as the corpus callosum, into
the right and left hemispheres, both characterized by an outer layer of gray matter, known as the cerebral
cortex, and a subcortical layer of white matter (Maldonado and Alsayouri, 2025). Each of the hemispheres
consists of 4 different lobes (frontal, occipital, parietal, and temporal), each of which plays fundamental
functions. The frontal lobe is responsible for motor function, as well as regulating behavioral processes such
as attention, affect, mood, personality, self-awareness, and social reasoning. The occipital and parietal lobes
are mainly involved in the processing of visual information and interpreting hearing, sensory, and motor
functions, respectively. The temporal lobe is essential for the understanding of spoken and written language,
as well as for processing spatial information, and the formation of short- and long-term memory (Fig. 3)
(Maldonado and Alsayouri, 2025; Jawabri and Sharma, 2023). The cerebellum is located in the posterior
cranial fossa, above the foramen magnum, and comprises the deep cerebellar nuclei surrounded by the
cerebellar cortex, in turn characterized by the molecular, Purkinje, and granular layers (Carey, 2024). In
particular, the cerebellar circuitry is defined by two anatomically and functionally distinct excitatory input
pathways, mossy and climbing fibers. On the one hand, the mossy fibers synapse with the granular cells, whose
axons ascend through the granule cell layer, past Purkinje cell bodies, and reach the molecular layer, where
they bifurcate and become parallel fibers, which form numerous en-passant synapses with the dendrites of
Purkinje cells and different inhibitory interneurons such as stellate, basket, and Golgi cells. On the other hand,
the climbing fibers originate from the inferior olive, and their axons climb the Purkinje cell dendritic trees,
making hundreds of synaptic contacts. Notably, Purkinje cells represent the sole output of the cerebellar cortex
toward the cerebrum and brainstem (D’ Angelo, 2018). From a functional point of view, the cerebellum plays
a crucial role in coordinating voluntary muscle movements, maintaining posture and balance, as well as
regulating motor learning, eye movement coordination, and some cognitive processes such as attention,
language, and executive functions (Rudolph et al., 2023; D’ Angelo, 2018). The brainstem is located anterior
to the cerebellum, between the base of the cerebrum and the spinal cord, and contains the midbrain, pons, and
medulla. It is responsible for many vital functions, including the regulation of breathing, consciousness, blood

pressure, heart rate, and sleep (Basinger and Hogg, 2025).

15



DECIMTAL F,

Figure 3. Principal parts of the brain include the cerebrum with its lobes and fissures, as well as the cerebellum and the brainstem.
Different colours were used to visualize a specific brain lobe, including the frontal lobe (light blue), parietal lobe (yellow), temporal

lobe (green), and the occipital lobe (dark pink) (Rehman and Khalili, 2023).

1.2.1 Cerebral microcirculation and biological role of the Blood-Brain Barrier

The cerebral circulation is characterized by a dense, ramified, and highly specialised vascular network that
regulates the flow of oxygen and nutrients to the brain, as well as allows the removal of potentially toxic
catabolites produced during the neuronal and glial cell metabolic activities (Kandel et al., 2014). This complex
vascular network comprises several vessels having variable calibres and different morpho-functional features,
including arteries, veins, arterioles, venules, and capillaries (Liu et al., 2025). In particular, the proper cerebral
blood flow is guaranteed by the circle of Willis, an anastomotic vascular system located at the base of the brain
that links the carotid and vertebral arteries. The carotid arteries originate from the common carotid arteries and
carry oxygenated blood to the anterior parts of the brain. The vertebral arteries, which arise from the subclavian
arteries, converge to form the basilar artery that carries oxygenated blood to the posterior parts of the brain, as
well as to the cerebellum and the brainstem (Kandel et al., 2014). The major arteries ramify, leading to the
formation of increasingly smaller vessels such as the pial arteriolar vessels, which play a crucial role in
maintaining an appropriate perfusion of the surface cerebral structures. The pial arteriolar vessels give rise to
the cortical penetrating arterioles, which pass through the cerebral parenchyma and extend into the deep
capillaries, collectively forming the cerebral microcirculation. The latter is fundamental to ensure a correct and
well-regulated blood flow to all single neurons and glial cells by providing oxygen, glucose, and other essential
nutrients (Kandel et al., 2014; Bér, 1980). Besides the arterial system, the venous system also plays important
functions, including that of collecting oxygen-poor blood from the arterial capillaries through a sort of venous
reticulum devoid of valves. Particularly, the blood enters the post-capillary venules, and is quickly drained at
the level of the dural venous sinuses and then converges in the internal jugular vein, thus completing the

cerebral circulation circuit (Hufnagle and Tadi, 2025; Safadi and Tadi, 2023).
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Each cerebral capillary is covered by a single layer of endothelial cells that interacts with different surrounding
cell types, including astrocytes, microglial cells, pericytes, and neurons, giving rise to the neurovascular unit,
which plays a key role in the formation and maintenance of the Blood-Brain Barrier (BBB) (Yu et al., 2020)
(Fig. 4). The BBB consists of a complex and highly specialized structure, which plays an essential role in
maintaining cerebral homeostasis, as well as in protecting against potentially neurotoxic substances, pathogen
agents, and fluctuations in the extracellular microenvironment. A core element of the BBB is represented by
endothelial cells, which have unique morpho-functional features such as high mitochondrial density, reduced
pinocytotic activity, absence of fenestrations, and presence of numerous tight junctions, that make them
phenotypically different from other endothelial cells located in different parts of the body (Kandry et al., 2020).
Particularly, the tight junctions constitute the main physical barrier to the non-selective and paracellular
diffusion of solutes and hydrophilic molecules, leading to a high transendothelial electric resistance, which is
considered a key index of the BBB permeability level. The main proteins involved in the formation of the tight
junctions include transmembrane protein complexes such as claudins, occludin, and junctional adhesion
molecules, as well as cytoplasmic adapter proteins such as zonula occludens of type 1 (ZO-1), ZO-2, and ZO-
3 (Obermeier et al., 2013). ZO-1, -2, and -3 have sequence similarity with each other and belong to a
membrane-associated guanylate kinase-like protein. They contain three PDZ domains (PDZ-1, PDZ-2, and
PDZ-3), one Src Homology-3 (SH3) domain, and one guanyl kinase-like domain. Claudins belong to a
superfamily of highly conserved transmembrane proteins, with over 27 isoforms identified in mammals, while
occludins are larger transmembrane phosphoproteins. Both claudins and occludins are characterized by four
transmembrane domains, two extracellular loops, a long COOH-terminal cytoplasmic domain, and a short
NH2-terminal cytoplasmic domain. Their extracellular loops can interact with other extracellular loops of
adjacent claudins and occludins, forming homotypic and heterotypic cell-cell connections, while their
cytoplasmic domains are directly anchored to the actin cytoskeleton by interacting with PDZ domains of ZO
proteins (Kandry et al., 2020). Noteworthy, claudin-5 represents the most expressed isoform in the BBB,
followed by occludin and other claudin isoforms such as claudin-1, -3, and -12. Claudin-5 is essential for the
stability and ion selectivity of the BBB, while occludin contributes to the structural integrity and modulates
the molecular traffic. Instead, claudin-1, -3, and -12 isoforms seem to be transiently expressed during
embryonic development and some pathological conditions. Besides endothelial cells, pericytes and astrocytes
also play a crucial role in maintaining BBB integrity, regulating blood flow, and supporting brain metabolism
(Kandry et al., 2020; Krause et al., 2008). Pericytes are vascular mural cells that wrap around endothelial cells
within the basement membrane of blood microvessels such as arterial capillaries and post-capillary venules.
Their close association with endothelial cells allows the exchange of ions, metabolites, second messengers,
and ribonucleic acids between the two cell types. Moreover, pericytes regulate the expression of several
proteins in the BBB. In addition, they control the alignment of the tight junctions and regulate angiogenesis,
microvascular stability, and angioarchitecture during vascular remodelling. Recent findings have reported that
some pericytes may display phagocytosis functions by removing toxic metabolites, and present contractile

features similar to smooth muscle cells, by taking part in the regulation of capillary diameter and the cerebral
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blood flow (Kandry et al., 2020; Sweeney et al., 2016). Astrocytes represent the most abundant cells in the
CNS and are involved in numerous physiological processes, such as compartmentalization of the neural
parenchyma, pH regulation, maintenance of the ionic homeostasis of the extracellular space, mediation of
signals from neurons to the vasculature, neurotransmitter clearance and recycling, controlling immune
reactions, providing energy-rich substrates to the neuron cells, and regulation of the BBB morpho-functional
activities. Particularly, perivascular astrocyte end-feet, which encircle the abluminal side of cerebral
microvessels, are highly specialised and polarized structures with an orthogonal array of intramembranous
particles, consisting of the most abundant water channel aquaporin-4, and ATP-sensitive inward rectifier
potassium channels. The astrocytic end-feet processes wrap around the cerebral capillaries and release
paracrine signals, such as vascular endothelial growth factor (VEGF), angiopoietin-1, and tumor growth factor-
B, that promote endothelial differentiation and the formation of tight junctions (Kandry et al., 2020; Obermeier
et al., 2014; Duffy et al., 2013).

Tight junction
Claudin:s|

Tight junction

Actin Claudin-1

/—VE-Cadhenn

Endothelial

Adherens junction

Astrocyte

Basal foot process

lamina

space

Endothelium
Astrocyte

Paravascular
space AQP4

o el Y[l | ==

Astrocyte foot process

Figure 4. Blood-Brain Barrier composition and tight junction types. ZO-1, Zonula Occludens of type 1; ZO-2, Zonula Occludens of
type 2; Z0O-3, Zonula Occludens of type 3; VE-Cadherin, Vascular Endothelial-Cadherin; AQP4, Aquaporin-4 (Murayi and Chittiboina,
2016).

18



1.3 Alzheimer’s Disease: main clinical, genetic, and molecular aspects

Alzheimer’s Disease (AD) represents one of the most common forms of dementia, with over 40 million people
affected worldwide (Shi et al., 2021). AD is a neurodegenerative disorder with an insidious onset followed by
a gradual and irreversible impairment of behavioral and cognitive functions, including memory,
comprehension, language, attention, reasoning, and judgment (Williams et al., 2021; Deardoff and Grossberg,
2019; Jahn, 2013). The AD symptoms can depend on the stage of the disease, passing through a pre-
symptomatic stage to a mild cognitive impairment, and severe stages. Particularly, episodic short-term memory
loss is the initial and most common AD-related symptom. Over time, people may manifest increasingly evident
symptoms, up to showing language disorder, impaired visuospatial abilities, dyspraxia, dystonia, akathisia,
olfactory dysfunction, and neuropsychiatric signs like apathy, social withdrawal, disinhibition, agitation,
psychosis, and wandering. In the end-stage disease, AD patients display reduced primitive reflexes,
incontinence, and total loss of their independence (Kumar et al., 2024). Depending on the age of onset, two
different AD forms were identified: late-onset AD (LOAD) and early-onset AD (EOAD). The LOAD, also
called Sporadic AD (SAD), represents the most common AD form, comprising almost the entirety of patients
(about 95%), and is defined by a multifactorial etiology with an age of onset over 65 years (Rabinovici, 2019).
Given its multifactorial nature, it is complicated to identify the mechanisms underlying the SAD progression,
even if a strong association with aging, as well as the development of neuroinflammatory processes, and
oxidative stress arising from environmental stimuli (air pollutant), mitochondrial dysfunction, metal exposure
(aluminium, lead, and cadmium), concomitant diseases (cardiovascular complications, obesity, diabetes,
insulin-resistance, chronic infections), lifestyle, and diet has been observed (Kotredes et al., 2025; Wang et al.,
2023; Dhana et al., 2020; Claassen, 2015). The SAD form seems to be associated also with the presence of
over 20 common genetic variants that take part in different biological pathways, such as lipid metabolism,
innate immunity, and endocytosis. Among them, the strongest genetic risk factor is represented by the
apolipoprotein E (APOE) gene, which encodes for three common allelic variants, of which two seem to be
protective (APOE-g2 and APOE-¢3), and one harmful (APOE-¢4) (Armstrong, 2019). On the other hand, the
EOAD, also known as Familial AD (FAD), is considerably less frequent (about 5%) than SAD and is
characterized by an age of onset less than 65 years. The FAD presents a strictly genetic etiology having an
autosomal dominant inheritance with a high degree of penetrance. In particular, the FAD patients carry one or
more-point mutations in one of the three main genes involved in amyloid beta (AP) processing, including
amyloid precursor protein (APP), presenilin 1 (PSEN1), and PSEN2. In addition, FAD patients show a more
aggressive clinical course, more frequent delay in diagnosis, higher prevalence of traumatic brain injury, less
memory impairment, greater psychosocial difficulties, and atypical clinical features such as headaches,
myoclonus, seizures, gait abnormalities, pseudobulbar palsy, or hyperreflexia (Pradeepkiran et al., 2024;

Mendez, 2019).
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1.3.1 AB and Tau: the pillars of AD pathogenesis

Nowadays, based on the current understanding of AD, two main pathophysiological hypotheses have been
proposed: cholinergic and amyloid. The cholinergic hypothesis proposes that the reduced cerebral
acetylcholine (ACh) levels, resulting from neuronal loss in the nucleus basalis of Meynert, play a key role in
AD development. On the other hand, the amyloid hypothesis suggests that the progressive AP cerebral
accumulation, caused by an abnormal enzymatic processing of APP, leads to neuronal loss and AD
development. Among these, the amyloid hypothesis is currently the most widely accepted pathophysiological
mechanism for AD, especially in cases of FAD (Kumar et al., 2024).

The APP is an evolutionarily conserved transmembrane glycoprotein implicated in different biological
processes, including neurogenesis, neuronal maturation, synaptogenesis, neurotrophic support, and cell
proliferation. In particular, APP is encoded by the APP gene located on the 21st chromosome. Following the
alternative splicing, three different APP isoforms are formed, of which two are ubiquitously expressed in the
whole body (APP751 and APP770), and one is mainly expressed in the CNS (APP695). All three isoforms
share a common structure characterized by a large N-terminal extracellular domain, a short C-terminal
intracellular domain, a transmembrane domain, and an AP domain that partially extends into both the
extracellular and transmembrane domains. During its lifetime, APP is processed by different proteolytic
cleavage pathways, including the n-secretase, non-amyloidogenic, and amyloidogenic pathways (Coronel et
al., 2018) (Fig. 5). In the n-secretase pathway, the C-terminal extracellular domain of APP is initially cleaved
at position 505 by the n-secretase enzyme, releasing a soluble ectodomain of APP (sAPP-n). The remaining
C-terminal fragment (CTF-n) is further processed by B-site amyloid precursor protein cleaving enzyme
(BACE), also known as -secretase, or a-secretase enzyme, thereby liberating the An-f3 and An-a peptides into
the extracellular medium, respectively (Coronel et al., 2018). On the one hand, the remaining CTF-f and CTF-
o fragments can be further processed by the y-secretase enzymatic complex, in turn characterized by structural
subunits (presenilin enhancer 2, nicastrin, and anterior pharynx-defective 1), and catalytic subunits (PSEN1 or
PSEN2), giving rise to the APP intracellular domain (AICD), which is degraded into smaller cytosolic
fragments by the proteasome, or some proteins having a proteolytic activity, such as insulin-degrading enzyme
(IDE), and cathepsin B (Wolfe, 2019). On the other hand, the potential biological functions carried out by the
An-B and An-a peptides are still not well understood, although it has been reported that they can inhibit
hippocampal neuronal activity under physiological conditions (Willem et al., 2015). In the non-amyloidogenic
pathway, the APP is processed by the a-secretase enzyme at position 16 within the A domain, thus preventing
the generation of AP peptides and promoting the release of the soluble ectodomain of APP (sAPP-a). The
remaining C-terminal fragment (CTF-a) is quickly processed by the y-secretase enzymatic complex by
generating the soluble and non-toxic peptide 3, as well as the AICD (Coronel et al., 2018; Bandyopadhyay et
al., 2007). The amyloidogenic pathway has a similar dynamic to the non-amyloidogenic pathway, except that
it involves the BACE in place of the a-secretase. The extracellular domain of APP is initially cleaved at
position 671 by the BACE, liberating the soluble ectodomain of APP (sAPP-B). The remaining C-terminal
fragment (CTF-P) is further processed by the y-secretase enzymatic complex by generating the AICD and
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different isoforms of AP peptides. In contrast to the non-amyloidogenic pathway, the AICD is quickly
stabilized in the cytoplasm by the interaction with the adaptor protein fetal embryonic 65 (Fe65), forming the
AICD-Fe65 complex, which is able to translocate into the nucleus, where it forms a transcriptionally active
complex with Tat-interacting protein 60, thus regulating the expression of numerous target genes (Hampel et
al., 2021; Coronel et al., 2018). Noteworthy, the FAD-related mutations determine a higher affinity of BACE
to the mutated APP sequence, as well as a greater activity of y-secretase enzymatic complex, leading to an
increased amyloidogenic flow, and subsequent increment in the AP production (Schilling et al., 2023;
Thordardottir et al., 2017; Chen et al., 2017). Besides the conventional pathways, other alternative APP
processing pathways were found, which seem to play protective functions. The BACE can also cleave the APP
at a secondary site called B’, located between Tyr10 and Glul1 of the AB domain, generating the C89 fragment.
C89 is subsequently processed by the y-secretase enzymatic complex, releasing different smaller and less-toxic
isoforms of AP peptides. In addition, it also exists BACE of type 2 (BACE2), which shares 64% amino acid
homology and a similar structural organization with BACE. BACE2 effectively cleaves the APP at the 8-site
located within the AP domain, thus noticeably reducing the Ap production (Tan and Gleeson, 2019).
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Figure 5. The main processing pathways of APP. On the left-hand side is depicted the non-amyloidogenic pathway, while the middle
and right-hand sides show the amyloidogenic and n-secretase pathways, respectively. APP, amyloid precursor protein; sAPP-o, soluble
APP-0; P3, Peptide 3; sAPP-f, soluble APP-B; AP, amyloid beta; SAPP-n, soluble APP-n; An-f, amyloid-n-p; An-a, amyloid-n-a;
CTF-a, C-terminal fragment-a; CTF-f, C-terminal fragment-f; CTF-n, C-terminal fragment-n; AICD, APP intracellular domain; Fe65,
Fetal embryonic 65; Tip60, Tat-interacting protein 60 (Coronel et al., 2018).
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The AP sequence is remarkably ancient and well-preserved, to the extent that almost all vertebrates produce
AP peptides with high amino acid homology (approximately 95%) compared to human AP peptides. Not
surprisingly, numerous studies highlighted that low concentrations (in the order of picomolar) of AP peptides
play an important role in many biological and evolutionary activities, including synaptic plasticity, memory
consolidation, neuronal growth and survival, and protection against oxidative stress, neuroactive compounds,
toxins, and pathogens (Bishop and Robinson, 2004). In contrast, higher concentrations (in the order of
nanomolar or more) promote the AP aggregation, giving rise to heterogeneous oligomers of approximately 2-
100 AP monomers. These AP oligomers may be subjected to primary nucleation, fragmentation, secondary
nucleation, and elongation processes, generating ordered, insoluble, and non-crystalline structures, well-
known as A fibrils, which are progressively deposited, forming AP plaques (Alijanvand et al., 2021; Chen et
al., 2017). The most expressed AP isoforms are represented by AP at 40 amino acids (AB40) and AB42, which
structurally differ by two additional C-terminal residues (isoleucine and alanine) on AP42. While the AB40
presents a high solubility and reduced toxicity, the AP42 is characterized by a higher hydrophobicity rate,
which is at the core of its lower solubility and higher propensity to form cytotoxic aggregates. Among the
different types of aggregates, the AP oligomers seem to be most toxic, thanks to their capacity to bind several
receptors expressed by neurons and glial cells, including the receptor for advanced glycation end-products
(RAGE), N-methyl-D-aspartate receptor, low-density lipoprotein receptor-related protein 1 (LRP1), a7
nicotinic ACh receptor, the metabotropic glutamate receptor 5 and many other, triggering damaging
phenomena such as neuroinflammation, oxidative stress, excitotoxicity, Ca®" dyshomeostasis, damaged
mitochondrion, synaptic damage, inhibition of axonal transport, glial reactivity, neuronal apoptosis, and Tau

hyperphosphorylation (Chen et al., 2017; Gu and Guo, 2013).

Tau protein belongs to the microtubule-associated protein (MAP) family and is encoded by the MAP-Tau
gene, located on the 17th chromosome. Following the alternative splicing, six different Tau isoforms are
produced, having variable sizes from 352 to 441 amino acids. All these isoforms share a common structure
composed of the N-terminal domain, a proline-rich region (PRR), a microtubule binding domain (MTBD), and
a C-terminal domain (Penke et al., 2020). In particular, the N-terminal domain is involved in regulating
microtubule dynamics by influencing the attachment and/or spacing between microtubules and other cell
components. The PRR is involved in the regulation of microtubule assembly and actin binding and has been
identified as a deoxyribonucleic acid (DNA) and ribonucleic acid (RNA)-interacting site, indicating its
importance in neuronal cell signalling, nuclear function, and maintenance of the neuronal cytoskeleton (Penke
etal., 2020). Moreover, PRR harbours seven Pro-XX-Pro motifs, providing potential recognition sites for SH3-
containing proteins such as the Src family, lymphocyte cell-specific protein-tyrosine kinase, bridging
integrator 1, phosphatidylinositol 3-kinase, and phospholipase C (Guo et al., 2017). The MTBD consists of
three- or four-repeat groups containing 18 amino acid sequences separated by 13- or 14-amino acid-long
flanking regions and is mainly involved in the binding and stabilization of microtubules (Goode and Feinstein,
1994). The C-terminal domain contains several interaction sites with numerous kinase and phosphatase

proteins, such as glycogen synthase kinase 3 (GSK3), dual specificity tyrosine phosphorylation regulated
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kinase 1A, protein phosphatase (PP) of type 1, serine/threonine PP2A, and PP2B (also called calcineurin) (Guo
et al., 2017; Anderton et al., 2001). The main physiological function of Tau consists of assembly, spatial
organization, and dynamic behaviour of the microtubules, although recent advances have revealed that Tau
can also play an important role in cell signalling, synaptic plasticity, and genomic stability (Penke et al., 2020).
During its life, Tau shows a large number of post-translational modifications, including glycation,
sumoylation, glycosylation, acetylation, methylation, and phosphorylation. In particular, the Tau
phosphorylation state has been extensively studied as it changes the biological activity of the protein. Indeed,
following the hyperphosphorylation, phosphorylated Tau (pTau) changes its conformation by separating from
the microtubule filaments, and then forms pathological intracellular aggregates such as oligomers, fibrils, and
neurofibrillary tangles (NFT) (Guo et al., 2017). It has been widely accepted that the big Tau assemblies, like
NFT, are less toxic than the smaller Tau oligomers, which are able to spread into the intracellular environment,
resulting in a disaggregation of microtubules, impaired signal transmission, increased excitability of neurons,
synaptic loss, disturbing neuronal circuits, altered intracellular transport, energy metabolism impairment,
abnormalities of protein degradation, glial reactivity, neuroinflammation, and harmful effects on the genome

(Niewiadomska et al., 2021) (Fig. 6).
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Figure 6. Ap and Tau in AD. A, amyloid beta; sAPP-, soluble APP-f3; BACE, B-site amyloid precursor protein cleaving enzyme;
AICD, APP intracellular domain (Panza et al., 2019).
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1.3.2 AB homeostasis: degradation and transport systems

The production of AP is normally counterbalanced by the presence of numerous biological processes, including
proteolytic degradation mainly mediated by a large number of peptidases and proteinases, cell-mediated
clearance, active and passive transports out of the brain, and deposition into insoluble aggregates, thus
maintaining a homeostatic condition over time (Saido and Leissring, 2012). Proteolytic degradation is a
catalytic and irreversible process, meaning that each peptidase or proteinase can permanently eliminate many
AP peptides, while itself remaining unchanged, although some environmental factors and aging seem to affect
the proteolytic activity. The mean proteases involved in AP degradation include several zinc-metalloproteases,
such as neprilysin (NEP, also known as cluster of differentiation 10 (CD10)), NEP-like peptidases, endothelin-
converting enzymes, angiotensin-converting enzymes, matrix-metalloproteinases, IDE, as well as some serine-
proteases, like plasmin, and other cysteine-aspartyl-proteases, such as cathepsin B and cathepsin D (Saido and
Leissring, 2012). Among these, the most important proteases are represented by NEP and IDE. On the one
hand, NEP is almost exclusively expressed in the subcellular compartments of the neuron cells and consists of
a type Il membrane-associated peptidase, the active site of which faces the intraluminal or extracellular side
of membranes, a topology that is ideally suited for the degradation of largely extracytoplasmic peptides such
as AP. On the other hand, IDE belongs to a superfamily having distinct evolutionary origins, referred to as
inverzincins because they feature a HxxEH zinc-binding motif that is inverted compared to the canonical one,
HExxH, present in most known zinc-metalloproteases. IDE is mainly localised in the cytosol as well as in the
mitochondria, and its structure is similar to a shell characterized by a large internal chamber formed from two
bowl-shaped halves connected by a flexible linker. Since the oligomeric or fibrillar forms of AP are too large
to fit completely into its internal chamber, IDE can degrade only the monomeric AP isoforms (Chen et al.,
2017; Saido and Leissring, 2012). Besides the proteolytic degradation, the excess of AP peptides released into
the extracellular space can be reduced and kept under control through receptor-mediated transport systems
such as RAGE and LRP1, as well as some chaperones like APOE. Interestingly, astrocytes and microglial cells
secrete into the interstitial fluid of the brain variable amounts of APOE. The latter interacts with some lipid
molecules, forming lipoproteins, which can bind the AP peptides, thus generating complexes that can be
recognized by LRP1, internalized, and degraded through the endo-lysosomal pathway (Chen et al., 2017; Liu
etal., 2013).

1.3.3 Neuroinflammation and glial reactivity as key drivers in AD pathogenesis

The extracellular AP aggregates and intracellular pTau accumulation lead to increasingly high levels of
neuroinflammation, which play a key role in AD pathogenesis (Heneka et al., 2025). Generally,
neuroinflammatory processes have a dual function, playing a neuroprotective role during the acute-phase
response against infections, toxic agents, or lesions, and a detrimental activity when a chronic response is
mounted, as observed in AD as well as in other neurodegenerative disorders (Kinney et al., 2018). This chronic

neuroinflammation is mainly attributed to the microglia activation, during which they change their phenotype,

24



passing from an inactivated state to an active state. Once activated, the microglial cells can migrate towards
the AP plaques, removing them through phagocytosis, as well as release a large number of proinflammatory
cytokines that recruit additional microglial cells, resulting in a characteristic halo of activated microglia
surrounding A plaques (Merighi et al., 2022; Kinney et al., 2018). In the early stages of AD pathogenesis, the
microglia activation determines protective effects, promoting A clearance, but in the advanced stages of the
disease, the prolonged activation leads to a microgliosis condition, resulting in sustained pro-inflammatory
cytokine signaling, increased ionized calcium-binding adapter molecule 1 (Ibal) levels, and decreased
phagocytic efficiency, becoming a source of damage for surrounding neurons (Kinney et al., 2018; Akiyama
et al., 2000). Besides microglial cells, the astrocytes also play a central role in AD. During the AD progression,
astrocytes undergo noticeable phenotypic changes, giving rise to astrogliosis, belatedly followed by astropathy.
In astrogliosis conditions, the astrocytes show deep transcriptional, biochemical, metabolic, and physiological
changes, which manifest as increased phagocytic activity, cell hypertrophy, elevated levels of glial fibrillary
acidic protein (GFAP), along with heightened production of chemokines, and different pro-inflammatory
cytokines, such as interleukin-6 (IL6), IL1B, and tumor necrosis factor a (TNFa). Over time, astrocytes can
also be subjected to astrodegeneration, involving functional loss, dysfunctional energy metabolism, reduced
intake of glutamate, altered regulation of cerebral blood flow, and atrophy (Lucena and Heneka, 2024). The
nuclear factor-kB (NF-xB) is one of the main pro-inflammatory transcription factors involved in AD
progression, so much so that its activated forms are particularly present in neurons and glial cells surrounding
AP plaques (Sun et al., 2022). The NF-xB family is composed of five structurally related members, including
NF-«BI1 (p50), NF-kB2 (p52), RelA (also known as p65), RelB, and c-Rel (Guo et al., 2024). In physiological
conditions, NF-«kB is sequestered in the cytoplasm by the inhibitor-kB (IxB) proteins. The activation of NF-
kB involves two distinct signaling pathways: canonical and non-canonical (also called alternative) (Lawrence.,
2009). The canonical pathway is promoted by diverse stimuli, including pro-inflammatory cytokines, growth
factors, mitogens, microbial products, stress agents, and AP peptides, which can bind different receptors,
triggering the activation of the multi-subunit IkB-Kinase (IKK) complex, in turn formed by two catalytic
subunits (IKKa and IKK ), as well as a regulatory subunit named NF-kB essential modulator. Upon activation,
IKK quickly phosphorylates IkB at two N-terminal serine residues, triggering the ubiquitin-dependent IxB
degradation in the proteasome, resulting in rapid and transient nuclear translocation of canonical NF-xB
members, by way of the pS0/p65 and p50/c-Rel dimers (Trares et al., 2022; Liu et al., 2017). On the other
hand, the non-canonical pathway selectively responds to specific stimuli, including a subset of TNF receptors,
such as B-cell activating factor receptor, CD40, lymphotoxin-f receptor, and receptor activator of NF-«xB,
which are able to induce the activation of the NF-kB-inducing kinase (NIK). Subsequently, NIK activates and
functionally cooperates with IKK to mediate p100 phosphorylation, which is quickly ubiquitinated and
processed, resulting in the generation of mature p52 that translocates into the nucleus as a non-canonical
p52/RelB dimer (Rodriguez et al., 2024; Liu et al., 2017; Sun, 2011). Numerous studies highlighted that both

NF-kB canonical and non-canonical pathways are particularly involved in AD pathogenesis by promoting
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increased BACE expression, amyloidogenesis, Tau hyperphosphorylation, gliosis, neuroinflammation, and

apoptosis (Sivamaruthi et al., 2023; Sun et al., 2022) (Fig. 7).
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Figure 7. NF-«xB pathways and their role in AD pathogenesis. TNFR, tumor necrosis factor receptor; NMDAR, N-methyl-D-aspartate
receptor; AP, amyloid beta; APP, amyloid precursor protein; CAMKII, calcium/calmodulin-dependent protein kinase II; IxB, inhibitor-
kB; Ub, ubiquitin; IKK, IkB-Kinase; NF-kB, nuclear factor-kB (Sivamaruthi et al., 2023).

1.3.4 Oxidative stress: another core element in AD pathogenesis

Oxidative stress is generally induced by a large number of free radicals derived from oxygen. These free
radicals, also known as ROS, are highly oxidizing molecules that carry one unpaired electron in their outer
shell, making them particularly unstable and prone to react with surrounding molecules (Jakubczyk et al.,
2020). The precursor of most ROS and mediators in oxidative stress chain reactions is the superoxide anion,
which can be partially reduced to a hydroxyl radical, one of the strongest oxidants in nature. ROS are normally
produced by numerous metabolic reactions and regulate several physiological processes, including cell
signaling, gene expression, enzymatic reactions, mitochondrial function, and antimicrobial activity (Bayir,
2005). Despite its physiological relevance, some organs like the brain are particularly susceptible to oxidative
damage due to their high oxygen consumption, abundant lipid content, and relatively low levels of antioxidant
molecules (Fanlo-Ucar et al., 2024; Cobley et al., 2018). Not surprisingly, an excessive production of ROS has

been found in AD patients, which is deleterious as well as an important mediator of damage to DNA, proteins,
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and lipids, leading to synaptotoxicity and neuronal death. It is well-known that AP may trigger ROS production
mainly through the reduction of metal ions as iron and copper, while ROS contributes to AP formation and
aggregation by promoting the BACE activity and amyloidogenic pathway, thus creating a detrimental vicious
cycle (Fanlo-Ucar et al., 2024; Huang et al., 2016). The high ROS production may also impair AP clearance
by affecting the activity of proteolytic enzymes, transmembrane receptors, and the ubiquitin-proteasome
system (Cheignon et al., 2017). In addition, Ap may alter the biological function of some proteins through
oxidative modifications and trigger lipid peroxidation, neuroinflammation, and apoptosis phenomena (Kumari
et al., 2023; LaRocca et al., 2021; Butterfield and Lauderback, 2002). One of the most important proteins
involved in the antioxidant response is nuclear factor erythroid 2-related factor 2 (NRF2), which is also
considered a key regulator of AD pathogenesis (Osama et al., 2020). Under homeostatic conditions, NRF2 is
sequestered in the cytosol by interaction with its inhibitor Kelch-like ECH-associated protein 1 (Keapl),
leading to ubiquitination through the formation of the Keapl-Cullin (Cul) 3-RING box protein-1 (RBX1)
complex, which induces the NRF2 proteasomal degradation. NRF2 may also be conducted to degradation by
the activity of GSK3, which specifically phosphorylates some serine residues located in the NRF2-ECH
homology domain 6, creating a binding site for the E3 ligase adaptor beta-transducin repeat-containing protein
(B-TrCP). In turn, B-TrCP recruits the Cull/RBX1 complex, leading to ubiquitination and subsequent
proteasomal degradation of NRF2 (De Plano et al., 2023). In the AD patients, the presence of AP aggregates
induces an increasing ROS production, which modifies the cysteine sulthydryl groups of Keap1, resulting in
a detachment of Keap1 from NRF2, which is free to translocate into the nucleus, where it heterodimerizes with
small MAF protreins and then bind the antioxidant response element gene sequences (De Plano et al., 2023;
George et al., 2022), thus promoting the transcription of several antioxidant genes, including those encoding
for heme oxygenase 1, NAD(P)H quinone dehydrogenase 1 (NQO1), glutamate cysteine ligase, phenol
sulfotransferase, glutamate-cysteine ligase catalytic subunit, glutathione reductase, gamma-glutamyl cysteine
synthetase, thioredoxin reductase, peroxiredoxin, and some heat shock proteins (Tejo and Quintanilla, 2021;

Moreira et al., 2010).

1.3.5 Apoptosis and AD: exploring the mechanisms behind neuronal loss

Apoptosis, also known as programmed cell death, is a highly regulated form of cell death that normally occurs
during development and aging, serving as both a homeostatic mechanism to maintain the cell population and
a defence mechanism for damaged cells due to diseases or noxious agents (Elmore, 2007; Afford and
Randhawa, 2000). It is a process distinct from uncontrolled cell death (necrosis) and is typically characterized
by deep phenotypical modifications that lead to cell shrinkage, chromatin condensation (pycnosis), DNA
fragmentation (karyorrhexis), and formation of extroflexions of the cell membrane (blebbing), followed by
separation of cell fragments into apoptotic bodies (budding). Apoptotic bodies consist of small vesicles
containing cytoplasm with tightly packed organelles and some nuclear fragments, enclosed within an intact

plasma membrane. These apoptotic bodies are quickly phagocytosed by macrophages or parenchymal cells
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and then degraded within the phagolysosomal pathway. In contrast to necrosis, the phagocytizing cells do not
release pro-inflammatory cytokines, and the apoptotic cells do not release their cellular constituents, thereby
preventing damage to the surrounding interstitial tissue (Elmore, 2007). Nowadays, two apoptotic mechanisms
have been identified: extrinsic and intrinsic (Yanumula and Cusick, 2023). The extrinsic pathway starts when
some specific ligands, such as the fetal alcohol syndrome ligand (FASL) and TNFa, interact with their
receptors, FASR and TNFR, both characterized by cysteine-rich extracellular domains, and an intracellular
domain of about 80 amino acids called death domain (DD), which play a key role in transmitting death signals
from the cell surface to the intracellular environment. Upon ligand binding, FASR is activated and recruits
some cytosolic adapter proteins like FAS-associated DD (FADD), while TNFR recruits TNFR-associated DD
(TRADD). These receptor-ligand complexes then serve as a recognition site for an enzymatic precursor called
procaspase-8, leading to the formation of the death-inducing signaling complex (DISC). This results in the
auto-catalytic activation of procaspase-8, followed by the conversion of procaspase-8 into initiator caspase-8,
which promotes the cleavage and activation of effector caspase-3. The latter degrades the structural and
regulatory components of the cell, leading to pycnosis, karyorrhexis, blebbing, and budding (Pistritto et al.,
2016; Nair et al., 2014; Elmore, 2007). On the other hand, the intrinsic pathway is triggered by a diverse array
of non-receptor-mediated stimuli, such as hypoxia, viral infections, toxins, radiation, and oxidative stress. Each
of these stimuli cause changes in the inner mitochondrial membrane, resulting in the opening of the
mitochondrial permeability transition pore, loss of the mitochondrial transmembrane potential, and the release
of pro-apoptotic proteins from the intermembrane space into the cytosol, including cytochrome-c (CYT-c),
second mitochondrial activator of caspase (Smac), direct AP binding mitochondrial protein (DIABLO), and
the serine protease high temperature requirement protein A2 Omi stress-regulated (HtrA2/Omi), which are
able to promote the caspase-dependent mitochondrial pathway (Krasovec et al., 2023). Specifically, CYT-c
interacts with the apoptotic peptidase-activating factor 1 and procaspase-9, forming the apoptosome complex,
which promotes the cleavage and activation of caspase-3, while the Smac/DIABLO and HtrA2/Omi induce
apoptosis by inhibiting the inhibitors of apoptosis proteins (Schafer and Kornbluth, 2006). Besides these
proteins, other pro-apoptotic proteins are released by mitochondria during the late stages of apoptosis,
including the apoptosis-inducing factor, endonuclease G, and the carbamoyl-phosphate synthetase 2-aspartate
transcarboxylase enzyme, which induce DNA fragmentation and cell death (Li et al., 2001). The control and
regulation of these mitochondrial events occur through members of the B-cell lymphoma 2 (Bcl-2) family,
which include some anti-apoptotic proteins like Bel-2, Bel-x, Bel-XL, Bcel-XS, Bel-w, Bcel-2-associated
athanogene, and pro-apoptotic proteins, such as Bcl-10, Bcl-2-associated X protein (Bax), Bcl-2 homologues
antagonist/killer, BH3 interacting-domain death agonist (BID), Bcl-2-associated agonist of cell death, Bcl-2
interacting mediator of cell death, Bcl-2 interacting killer, and B lymphocyte kinase (Krasovec et al., 2023;
Nair et al., 2014; Elmore, 2007). It is well-known that Ap and pTau accumulation can directly or indirectly
trigger both the intrinsic and extrinsic apoptotic pathways, by promoting mitochondrial dysfunction, energy
depletion, cholinergic insufficiency, hormonal imbalance, endoplasmic reticulum stress, oxidative stress, and

neuroinflammation, which stimulate various signalling molecules responsible for activation of a series of
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caspases, leading to neuronal death in the cerebral areas like the hippocampus and cerebral cortex, which are
essential for learning, memory, and cognitive ability (Kumari et al., 2023). Moreover, in different AD
individuals, the expression of anti-apoptotic proteins such as Bcl-2 is suppressed, while some pro-apoptotic
proteins like Bax result upregulated. AD patients also display high levels of FASL and TNFa, which interact
with their receptors, promoting the extrinsic pathway of apoptosis. In the extrinsic pathway, caspase-8 may
also cleave the pro-apoptotic protein BID, inducing the release of mitochondrial pro-apoptotic factors like
CYT-c, and the subsequent formation of the apoptosome (Kumari et al., 2023; Nilsen et al., 2006; Chong et
al., 2005) (Fig. 8).
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Figure 8. The extrinsic and intrinsic apoptotic pathways in AD. TNFa, tumor necrosis factor a; FASL, fetal alcohol syndrome ligand;
TRAIL, TNF-related apoptosis-inducing ligand; FADD, FAS-associated death domain; TRADD, TNFR-associated death domain;
DISC, death-inducing signaling complex; BID, BH3 interacting-domain death agonist; Bcl-2, B-cell lymphoma 2; BAX, Bcl-2-
associated X protein; BAK, Bcl-2 homologues antagonist/killer; Apaf-1, apoptotic peptidase-activating factor 1; AP, amyloid beta;

NFT, neurofibrillary tangles; ER stress, endoplasmic reticulum stress; AD, Alzheimer’s disease (Kumari et al., 2023).

1.3.6 The retina as a non-invasive biomarker for early diagnosis of AD

Nowadays, different AD diagnostic biomarkers have been validated in AD clinical trials and healthcare
management, including brain imaging of Ap and pTau burden using positron emission tomography (PET), the
observation of cerebral atrophy or brain shrinkage using structural magnetic resonance imaging, the use of
fluorodeoxyglucose PET to evaluate the metabolic activity, typically reduced in the parietal or temporal areas
of the brain, and search for some blood or cerebrospinal fluid bioproducts. However, the widespread adoption

of these biomarkers in AD clinical practice is hindered by numerous limitations, including invasiveness, high
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costs, reduced accessibility, health risks associated with exposure to radioactive isotopes, and resource
demands. Moreover, the use of blood-based biomarkers is currently under validation for advanced clinical
stages since they do not allow a direct visualization of CNS pathology at the site of injury, and their stability
is affected by different brain-derived molecules. Therefore, despite major advances in AD biomarkers, it is
necessary to find new applicable techniques for the diagnosis and monitoring of the disease (Gupta et al., 2021;
Masters et al., 2015). Unlike the brain, which is shielded by the skullcap, the retina is an optically accessible
space that can be easily studied in vivo from a functional point of view through different electroretinographic
(ERG) analyses, as well as visualized in vivo using different noninvasive and high-resolution optical imaging
methods, such as fundus photography, optical coherence tomography (OCT), OCT-angiography, fluorescence
lifetime imaging ophthalmoscopy, and hyperspectral imaging, which provide important information on the
vascular, cellular, and molecular features of the retina (Gaire et al., 2024; Ashraf et al., 2023). Moreover, the
latter represents an anatomical extension of the CNS, characterized by a multi-layered structure, functions, and
immune response processes similar to the brain, with which it shares a common embryological origin (Ptito et
al., 2021). In addition, the characteristics of the retina described in chapter 1.1 (i.e., the different neuron types
as well as the presence of glial cells and of BRB) make the retina one of the most intriguing potential
biomarkers for AD (Gaire et al., 2024). Not surprisingly, emerging evidence from histopathological,
molecular, and in vivo imaging analyses has revealed that AD affects both the brain and some parts of the
visual system, including the retina. In particular, the main pathological traits identified in the retina of AD
patients and those of AD animal models include AP and pTau accumulation, extensive vascular abnormalities,
inflammation, glial activation, mitochondrial dysfunction, degenerative changes in the optic nerve, and retinal
cell degeneration, which lead to a progressive and irreversible visual impairment (Gaire et al., 2024; Ashraf et
al., 2023; Koronyo et al., 2023; Grimaldi et al., 2019). Among retinal cells, the most affected appear to be
RGCs, resulting in RGC loss followed by a significant thinning of the RNFL and GCL layers, as well as a
reduced amplitude and increased latency in the pattern-ERG (PERG). The higher predisposition and sensitivity
to neurodegenerative damage of RGCs are mainly due to defective mitochondrial dynamics and axonal
transport, as well as oxidative stress and energy depletion, given the high metabolic demand and performance
typical of these cells, mostly determined by the asymmetric myelination (Liao et al., 2021; Mavillo et al., 2020;
La Morgia et al., 2015; Krasodomska et al., 2010). Preliminary studies also highlight that AB is not only
deposited in the inner retinal layers but also in the RPE and around the photoreceptoral cells, including rods
and cones. The presence of AP in the outer retinal layers seems to trigger senescence and necroptosis
phenomena in the photoreceptor, mainly rods, followed by loss of function, altered morphology, and lower
expression of phototransduction proteins, even if no alteration in the thickening of outer retinal layers was

observed (Liao et al., 2021; Zhang et al., 2021).
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1.3.7 Vascular dysfunction and microcirculatory impairment in the pathogenesis of AD

Due to the high metabolic demand, the brain is particularly sensitive to reduced blood flow and hypoxic
conditions. Indeed, the brain is extremely well perfused through an extensive network of blood vessels having
different sizes, thicknesses, and contractile abilities, which ensure a constant delivery of oxygen and nutrients,
as well as a proper removal of carbon dioxide and other waste metabolites produced by the numerous metabolic
reactions (Wilson and Matscinsky, 2020). One of the earliest inciting events in AD pathogenesis is based on
vascular dysregulation, which then initiates a cascade of molecular and neuropathological changes leading to
neuronal dysfunction and the onset of typical AD symptoms. Not surprisingly, different vascular pathologies
such as cerebral atherosclerosis, cerebral silent infarcts or microinfarcts, chronic cerebral hypoperfusion,
cerebral vasculopathy, cerebral amyloid angiopathy, cerebral small vessel disease, hypertension, heart failure,
as well as the presence of concomitant metabolic disorders like hyperlipidaemia, diabetes mellitus,
dyslipidaemia, obesity, metabolic syndrome, and hyperhomocysteinemia were associated with a higher risk of
AD onset (Korte et al., 2020). AD patients exhibit altered glucose metabolism, increased cerebral vascular
resistance, and reduced cerebral blood flow, which is attributed to both the loss of blood vessels and their
narrowing (Tarawneh, 2023). Although the mechanism by which the thickness of smaller blood vessels is
restricted has not yet been definitively explained, some potential theories have been made based on the recent
findings. The most promising approach consists of a “long-term pericyte-mediated constriction”, in which
oxidative stress and neuroinflammation caused by the gradual accumulation of AP and pTau induce a
significant increase in extracellular levels of endothelin-1, which interacts with its receptors expressed on all
classes of pericytes (Korte et al., 2020; Palmer et al., 2012; Barnham et al., 2004). This induces the subsequent
activation and contraction of pericytes, which determines a quick narrowing of the vascular lumen, decreasing
blood flow up to 50% or more in some cerebral areas. Besides this, two other mechanisms involved in the
occlusion of blood vessels were reported, including blockage by neutrophils and clot formation. In particular,
neutrophils are larger and less distensible than other blood cells, resulting in a greater tendency to become
lodged at the smallest diameter parts of capillaries. At the same time, in the narrow blood vessels, the reduced
blood flow can facilitate coagulation processes and clot formation, which contributes to the further reduction
of blood flow (Korte et al., 2020; Farkas and Luiten, 2001; Mehta et al., 1988). The constriction of blood
vessels observed in the AD brain leads to an increasingly hypoxic condition, which contributes to the reduction
in metabolic activity of specific brain regions such as the amygdala, entorhinal cortex, and hippocampus (Park
et al., 2019), as well as decreasing the level of proteins involved in AP degradation and upregulating the
expression of the BACE, which promotes the production of toxic A isoforms (Liu and Le, 2014; Zhang et al.,
2007; Sun et al., 2006). Over time, AP levels exceed the clearance mechanisms, leading to the formation of a
positive feedback loop that induces a growing A perivascular accumulation, pericyte activation, and reduced
blood flow (Korte et al., 2020) (Fig. 9). The concomitant presence of high AP levels, hypoxia, and the
destruction of tight junctions and adherent junctions may ultimately lead to pericyte and endothelial cell
degeneration with subsequent loss of BBB integrity, which is essential for the tight control of the chemical

composition of brain interstitial fluid, in turn, fundamental for proper synaptic functionality, information
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processing, and neuronal connectivity. A dysfunctional BBB may lead to altered hemodynamic responses and
an increase in vascular permeability, which enables toxic blood-derived molecules, cells such as lymphocytes,
neutrophils, or peripheral macrophages, and microbial agents to enter the brain, resulting in inflammatory and
immune processes at the basis of neurodegenerative phenomena (Sweeney et al., 2018; Kisler et al., 2017;
Zlokovic, 2011; Iadecola, 2004). BBB breakdown can also hinder the delivery of some drugs based on the use
of antibodies, proteins, peptides, and small molecules like nucleic acids, which could likely get trapped in
pathologically altered brain tissue within the enlarged perivascular spaces along with other blood-derived
debris, preventing them from reaching their neuronal targets (Sweeney et al., 2018). A prolonged hypoxic
condition also induces a reduction in the phosphatidylinositol 3-kinase/protein kinase B pathway activity,
which promotes GSK3 activation with subsequent Tau hyperphosphorylation and impairs synaptic function

(Korte et al., 2020).
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Figure 9. The microvascular abnormalities exacerbate the molecular alterations, resulting in progressive synapse dysfunction and
neuronal loss. AP, amyloid beta; BACE, B-site Amyloid Precursor Protein Cleaving Enzyme; ROS, reactive oxygen species; ET-1,
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1.3.8 An overview of therapeutic approaches and nutritional strategies for AD prevention

Nowadays, numerous drugs have been approved by the Food and Drug Administration for clinical use,
including tetrahydroaminoacridine, donepezil, carbalatine, galantamine, metrifonate, memantine, and
lecanemab. The first five types of drugs are quickly absorbed and work by blocking the acetylcholinesterase
activity, which is normally responsible for the degradation of ACh in the synaptic gap. By inhibiting this
enzyme, these drugs increase the availability of ACh, potentially improving the cholinergic effects, neuronal
activity, memory, and learning abilities (Peng et al., 2023; McGleenon et al., 1999). Memantine is an antagonist
of the glutamate receptors, especially the N-methyl-D-aspartate receptor, thus reducing the neurotoxicity due
to the excessive neuronal stimulation caused by some excitatory neurotransmitters like glutamate (Peng et al.,
2023). Lecanemab, also known as leqembi, is a humanized monoclonal antibody specifically designed to bind
with high affinity to soluble AP protofibrils, thereby slowing cerebral AB accumulation and AD progression
(Van Dyck et al., 2022). Besides these conventional drugs, many other molecules were and/or are still the
object of study in different clinical trials, including those anti-Tau, anti-Ap (Peng et al., 2023), inhibitors for
BACE (verubecestat, lanabecestat, and atabecestat) (Patel et al., 2022), inhibitors for y-secretase (semagacestat
and avagacestat) (Willis et al., 2012), enhancers of AP clearance based on passive (bapineuzumab,
gantenerumab, crenezumab, ponezumab, donanemab, and aducanumab) and active (AN1792, ACC-001, and
CADI106) immunotherapy (Ostrowitzki et al., 2022; Nicoli et al., 2019; Klein et al., 2019; Salloway et al.,
2018), inhibitors for GSK3 (tideglusib) (Lovestone et al., 2015), inhibitors for Tau aggregation
(methylthioninium chloride, hydromethanesulfonate, and TRx-0014) (Gauthier et al., 2016; Wischik et al.,
2015), stabilizers for microtubules (davunetide and epothilone D) (Gozes et al., 2011; Brunden et al., 2010),
enhancer for mitochondrial activity (idebenone and methylene blue) and mitochondrial biogenesis
(bezafibrate) (Dumont et al., 2012), inhibitors for mitochondrial permeability transition (alisporivir, N-methyl-
4-isoleucine-cyclosporin, imidazole, thiadiazole, isoxazoles, N-phenylbenzamides, and dimebon) (Shevtsova
et al.,, 2021; Schiavone and Trabace, 2018), and usage of different multi-target ligands named as
polypharmacophore (dimebon, phenothiazine, carbazoles, idalopirdine, and masitinib), that are hybrid
molecules characterized by two or more pharmacophores linked together with spacers able to simultaneously
affect multiple biological targets, such as A, metal ions, and ROS (Dubois et al., 2023; Makhaeva et al., 2020;
Dao et al., 2017; Wilkinson et al., 2014; Doody et al., 2008). Despite the clinical advances, the major part of
these drugs has not yielded encouraging results, showing limited effectiveness, poor tolerability, toxicity, and
the development of several side effects, such as brain shrinkage, altered cognitive functions, agitation, weight
loss, infections, microbleeds, diabetes, and in some cases cancer (Tartaglia and Ingelsson, 2024; Peng et al.,
2023). In recent years, another potentially more efficient approach was found, which is based on genetic
interventions, such as RNA interference and gene editing. RNA interference is a natural process involved in
regulating protein synthesis, based on the ability of small fragments of RNA to inhibit protein translation by
binding to specific regions of mRNA (Tartaglia and Ingelsson, 2024). It has been recognized for some time
that this system may be mimicked by applying synthesized RNA, often referred to as antisense
oligonucleotides (ASO). ASO is a single-stranded RNA molecule of about 15-22 nucleotides designed to bind

33



complementary RNA targets. Nowadays, there are at least 15 therapies at the clinical stage based on the use
of ASO, mainly aimed at suppressing the translation of genes encoding for APP/Af} and Tau, in order to reduce
their accumulation in the brain (Lauffer et al., 2024; Zamecnik and Stephenson, 1978). Despite promising
results, a primary challenge associated with this type of treatment lies in the necessity to prevent excessive
protein expression, but at the same time, maintain a basal physiological activity of the protein (Tartaglia and
Ingelsson, 2024). On the other hand, gene editing refers to a group of technologies that can insert, delete,
modify, or replace single nucleotides in the DNA molecule. Among the conventional gene editing approaches,
there are the oldest methods based on the use of meganucleases, zinc finger nucleases, and transcription
activator-like effector-based nucleases, as well as the latest clustered regularly interspaced short palindromic
repeats (CRISPR) (Rhaman et al., 2024; Tartaglia and Ingelsson, 2024). The latter is based on the action of
the CRISPR-associated protein of type 9 endonuclease and a guide RNA, which are projected to bind a specific
site on the DNA molecule, inducing a double-stranded break, followed by the subsequent reduction of target-
protein expression involved in the detrimental mechanisms at the base of AD onset and progression. Currently,
this therapeutic approach seems to be more suitable for modifying monogenic variants associated with an
increased generation of both total AP (as for several APP mutations) and the more aggregation-prone Ap42
(as for a majority of the PSEN1/PSEN2 mutations) (Tartaglia and Ingelsson, 2024; Konstantinidis et al., 2022;
Duan et al., 2022; Gyorgy et al., 2018). Besides drug therapies and genetic approaches, growing evidences
suggest that a proper balanced diet containing high levels of anti-inflammatory compounds, antioxidant
molecules, B-group vitamins, and polyunsaturated fatty acids, such as the Mediterranean diet, the dietary
approaches to stop hypertension (DASH) diet, and the Mediterranean-DASH intervention for
neurodegenerative delay diet, may have beneficial effects on the AD onset and progression. On the other hand,
a diet enriched in processed and poor-quality foods, hydrogenated fats, and foods contaminated with pollution,
heavy metals, or toxins may accelerate AD pathogenesis (Stefaniak et al., 2022; Ogawa., 2014). One of the
most important components of the Mediterranean diet is represented by extra-virgin olive oil (EVOO), which
contains several active biomolecules, including polyphenols, phytosterols, monounsaturated fatty acids, and
vitamin E, as well as high levels of phenolic compounds, such as tyrosol, hydroxytyrosol, oleuropein,
oleuropein aglycone, luteolin, and oleocanthal that have well-known anti-inflammatory, antioxidant, and
neuroprotective properties (Alkhalifa et al., 2024). In particular, EVOO and its phenolic compounds emerge
as multifaceted players in AD (Angeloni et al., 2017; Rigacci, 2015) (Fig. 10), by attenuating AP accumulation
through the enhancement of clearance mechanisms and autophagic activity, as well as reducing Tau
hyperphosphorylation and subsequent NFT formation (Batarseh and Kaddoumi, 2018; Qosa et al., 2015).
Moreover, the EVOQ’s role extends to maintaining the BBB integrity, potentially fortifying its selective
permeability, and limiting the infiltration of neurotoxic substances (Kaddoumi et al., 2022; Rihani et al., 2019;
Qosa et al., 2015). The presence of phenolic compounds has been observed to reduce glial reactivity, as well
as to attenuate the production of pro-inflammatory cytokines, such as IL-6 and IL-1p, by inhibiting the NF-xB
and nucleotide-binding domain and leucine-rich repeat family, pyrin domain-containing 3 inflammasome

pathways. In addition, the current literature reported that these phenolic compounds can affect different
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signaling pathways, leading to the production of antioxidants, mitochondrial biogenesis, the increase in
adenosine triphosphate levels, the improvement of synaptic activity, spatial working memory, short-term
neuronal plasticity, and the extension of lifespan (Alkhalifa et al., 2024; Leri et al., 2021; Lauretti et al., 2020;
Richard et al., 2011). Despite its neuroprotective effects, an inordinate and unbalanced consumption of olive
EVOO can lead to adverse effects on health, mainly due to the excess caloric intake caused by the high content
of fatty acids, including weight gain, obesity, metabolic alterations, and the onset of hepatic, gastrointestinal,
and cardiovascular complications, exacerbating AD pathogenesis (Komiya et al., 2023). Not surprisingly, the
liver plays a crucial role in A clearance, metabolizing and degrading approximately 60% of total circulating
AP through hepatocyte-mediated degradation or indirectly by modulating plasma carrier protein levels (Cheng
et al., 2023; Wu et al., 2023; Estrada et al., 2019). On the other hand, alterations of the gastrointestinal tract
can lead to an altered composition of the bacteria populating the gut microbiota, which can secrete large
amounts of noxious substances, contributing to the alteration of signaling pathways, to increased permeability
of the intestinal epithelial barrier, and the production of pro-inflammatory and neurotoxic molecules associated

with AD pathogenesis (Chandra et al., 2023; Chen et al., 2023; Jiang et al., 2017).
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Figure 10. Neuropathological features of AD (left) contrasted with the neuroprotective effects of EVOO and phenolic compounds
(right). BBB, blood-brain barrier; EVOO, extra-virgin olive oil; AP, amyloid beta (Alkhalifa et al., 2024).

1.3.9 The 5xFAD murine model of AD

Nowadays, many transgenic murine models have been developed to reproduce the neuropathological features
associated with AD, ranging from AP deposition, cerebrovascular abnormalities, gliosis, neuroinflammation,
oxidative stress, synaptic disorganization, neurotransmission defects, axonal dystrophy, and neuronal loss to
cognitive decline (Zhong et al., 2024; Sanchez-Varo et al., 2022). In this regard, the heterologous 5xFAD
mouse represents one of the most accurate murine models of AD, as it quite faithfully recapitulates the
progression of AD in patients, which involves an initial asymptomatic phase, followed by a prodromal,
symptomatic, and severe phase. SXFAD mice express five familial AD mutations under the control of the
cerebral neuron-specific thymus cell antigen 1 promoter, of which three are specifically on the human APP695

gene (London V7171, Swedish K670N/M671L, and Florida 1716V), and two on the human PSEN1 gene
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(M146L and L286V). These mutational variants promote an increased amyloidogenic flow by enhancing
BACE and vy-secretase activity, leading to early and intense amyloid pathology and subsequent
neurodegeneration. No human Tau transgene is expressed in this mouse line, even if signs of Tau
hyperphosphorylation and NFT formation were observed (Oblak et al., 2021; Claeysen et al., 2020). Besides
the cerebral deficits and behavioral abnormalities, SXFAD mice also display a progressive retinal AP
accumulation, mainly associated with morphological changes, functional alterations, microglial activation,
neuroinflammatory processes, oxidative stress, and RGC loss (McCool et al., 2025; Zhang et al., 2021; Lim et
al., 2020).
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1.4 Aims of the thesis

AD is a neurodegenerative disorder characterized by cognitive decline due to progressive AB and pTau
accumulation, widespread neurovascular alterations, and neuronal death. Although the cerebral damage
remains the primary target of AD research, increasing attention has recently been directed toward the
identification of other reliable biomarkers that may reflect pathological changes in the CNS. In this context,
the retina, being an embryological extension of the brain, represents a more accessible and promising interface
to study AD pathogenesis. Simultaneously, scientific interest in nutraceutical-based approaches has
highlighted the therapeutic potential of certain plant-derived compounds, including EVOO, which is well-
known for its antioxidant, anti-inflammatory, and vasoprotective properties. Based on these premises, the
present thesis pursues a dual objective. In the first instance, a detailed characterization of the retinal morpho-
functional and molecular features was performed on 3-, 6-, and 9-month-old 5xFAD and wild-type (WT) mice,
in order to provide additional information on the prospective role of the retina as a biomarker for studying AD
progression, as well as identify new dysregulated miRNAs potentially involved in AD-retinal pathology.
Secondly, an in-depth analysis of the morpho-functional and molecular brain microcirculation features was
carried out on 2-, 4-, and 6-month-old 5xFAD and WT mice, and the potential beneficial effect of a diet
enriched with Acebuche (ACE), an olive oil containing remarkable levels of bioactive molecules having anti-
inflammatory, antioxidant, and neuroprotective effects, was tested. Overall, this multidisciplinary thesis
intends to contribute to a deeper understanding of the interaction between neurodegeneration, vascular
dysfunction, and nutraceutical interventions, offering new insights for early diagnosis and the development of

innovative preventive and therapeutic strategies for AD.
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2. MATERIALS AND METHODS

2.1 Materials and methods for retinal assessments

2.1.1 Animals

The 5xFAD murine model expresses five familial AD mutations, three associated with the human APP gene
(Florida 1716V, Swedish K670N/M671L, and London V717I) and two associated with the human PSEN1 gene
(L286V and M146L), each driven by the mouse thymus cell antigen 1 promoter, a neuron-selective promoter
widely used for in vivo neuronal transduction to generate transgenic animals with neuron-specific expression
of target genes (Forner et al., 2021; Oakley et al., 2006). Due to these mutations, 5xFAD mice quickly develop
severe and progressive amyloid pathology, with plaques appearing in the brain starting at 2 months of age,
triggering microgliosis and inflammation as well as synaptic and neuronal loss (Oblak et al., 2021; Canter et
al., 2019; Elmer and Vassar, 2013; Jawhar et al., 2012; Kimura and Ohno, 2009; Oakley et al., 2006). Deficits
in spatial learning start at 4 months of age, generally followed by synaptic impairment in the hippocampus at
about 6 months of age (Eimer and Vassar, 2013; Oakley et al., 2006; Kimura and Ohno, 2009). Male 5xFAD
mice (B6.Cg-Tg(APPSwFILon, PSEN1*M146L*L286V)6799Vas/Mmjax) were purchased from Jackson
Labs (Bar Harbor, Mainer, ME, USA; stock # 008730). In origin, both transgenes were co-injected in the cells
of C57BL/6XSJL hybrid embryos, and founders were bred with B6SJL mice. Since SJL mice express the
retinal degeneration allele phosphodiesterase-6b retinal degeneration-1 (Pde6brd1l) that does not allow the use
of transgenic mice for retinal studies, transgenic mice were then backcrossed to C57BL/6J mice to breed out
of the strain the retinal degeneration allele. Male 5xFAD mice were bred in our animal facilities with female
C57BL/6J mice (Jackson Labs). The mice were genotyped for APP and PSENI transgenes. In addition, the
absence of the Pde6brd] allele was verified using polymerase chain reaction (PCR) with specific primers
(Table 1). Non-carrier mice obtained from mating male 5xFAD mice with female C57BL/6J mice were used
as WT controls. In the present study, we used 3-, 6-, and 9-month-old 5xFAD mice. A total number of 102
mice (51 WT and 51 5xFAD) was used. The present study was performed in accordance with the Guide for
the Care and Use of Laboratory Animals of the National Institutes of Health, the ARVO Statement for the Use
of Animals in Ophthalmic and Vision Research, the Italian guidelines for animal care (DL 6/14, permission n.
864/2024-PR), and the European Communities Council Directive (2010/63/UE), and the principles of the 3Rs.
Animals were housed under standard conditions of 12 h cycles of light and dark, 23 + 1°C, with food and water

ad libitum.

Table 1. List of primers used for genotyping experiments.

Primer Sequence (53’2 37) Catalogue
Mutant Reverse CGG GCCTCTTCGCTATTAC 27367
WT Reverse TAT ACA ACC TTG GGG GAT GG 37599
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Common Forward ACC CCC ATG TCA GAGTTC CT 37598

Mutant Pde6b™! AAG CTA GCT GCA GTA ACGCCATTT oIMR2093
WT Pde6brd! ACC TGC ATG TGA ACC CAG TAT TCT ATC 0IMR2094
Common Forward CTA CAG CCC CTC TCC AAG GTT TAT AG oIMR2095

2.1.2 Electroretinography

The mice were subjected to different types of electroretinography, including an analysis of the rod pathway
with scotopic-ERG (scERG), an analysis of the cone pathway with photopic-ERG (phERG), and an analysis
of RGC activity with PERG. After overnight dark adaptation, the mice were anesthetized with an
intraperitoneal injection of avertin (1.2% avertin, 0.02 mL/g body weight; Sigma-Aldrich) and placed in a
custom-made stereotaxic apparatus allowing for an unobstructed visual field. The body temperature was
maintained at 37°C with a feedback-controlled heating pad, while corneal moisture was maintained with a
saline solution. Recording silver-silver chloride electrodes (0.2 mm loop-shaped) were laid on the corneal
surface of each eye using micromanipulators, while stainless-steel needles were inserted subcutaneously in the
frontal region and used as reference electrodes (one for each eye). Another stainless-steel needle was
subcutaneously inserted at the base of the tail and used as the ground electrode. Flash stimuli were delivered
with a Ganzfeld stimulator (CSO, Firenze, Italy), and the ERG recordings were acquired through a
commercially available data acquisition device (Retimax Advanced, CSO). Scotopic responses were elicited
using 10 cd-s/m? stimuli. Five consecutive signals recorded simultaneously from each eye were averaged to
reduce noise after amplification (5000-fold) and subsequently band-pass filtered (0.1-100 Hz). In the deriving
waveform, the amplitude of the a-wave (baseline to trough) and that of the b-wave (trough to peak) were
measured. Immediately after the acquisition of the scotopic responses, the animals were light-adapted for 60 s
before recording photopic cone-mediated responses using 10 cd-s/m2 stimuli on a 30 cd-s/m2 rod-saturating
green background light. The phERG responses simultaneously recorded from both eyes were amplified
(10,000-fold) and band-pass filtered (1-30 Hz). The waveform deriving from the average of 50 consecutive
responses was analyzed for the b-wave (baseline to peak) and the photopic negative response (phNR; baseline
to first negative deflection after the b-wave). Following the phERG session, PERG responses were recorded.
They were evoked by a visual stimulus consisting of 0.05 cycles/deg black and white (98% contrast) bars
contrast-reversing at 1 Hz temporal frequency. The pattern stimuli were generated by a 19° light-emitting
diode display (area: 74° x 62°) with a mean luminance of 50 cd/m2 aligned at about 30 cm from the corneal
surface. Each pattern reversal-deriving signal was amplified (10,000-fold) and band-pass filtered (1-30 Hz). A
total of 300 consecutive pattern reversals was averaged to reduce noise contamination by a factor of V300 =
17.32. The PERG response was evaluated by measuring the amplitude of the N35-P50 and P5S0-N95 waves
(from the trough of the negative peak, N35, to the peak of the positive peak, P50, and from the peak of the
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positive peak, P50, to the trough of the negative peak, N95, respectively). The implicit time was determined
by measuring the time from the onset of the stimulus to the P50 and N95 peaks. Recordings were taken from

the left eye.

2.1.3 Prusky water maze test

The Prusky water maze test is a behavioral test used for the quantitative measurement of visual discrimination
in mice. It has been validated as a cognitive-independent assay of visual acuity since, unlike spatial navigation
tasks such as the Morris Water Maze, this task requires no long-term memory (Prusky et al., 2000). This test
relies on the animal's ability to discriminate high-contrast visual stimuli in real time. It is based on a binary
forced-choice task in which the animal must swim to a monitor presenting a vertical grating pattern (target
stimulus, associated with the presence of a hidden rescue platform), while avoiding another monitor presenting
a uniform gray screen (neutral stimulus). The visual stimuli had a constant luminance of 39.95 cd/m?, with
spatial frequencies ranging from 0.087 to 0.645 cycles/deg. The mice were initially trained at 2 months of age
following a published protocol (Corsi et al., 2025). The spatial frequency was systematically increased or
decreased to determine the limits of the animal's ability to find the platform. The value of visual acuity was

assessed as the highest spatial frequency at which at least 75 % of the correct responses were recorded.

2.1.4 Optical coherence tomography

The in vivo assessment of retinal morphology was performed by image-guided optical coherence tomography
(OCT) in WT and 5xFAD mice at 3, 6, and 9 months of age using the Micron IV system (Phoenix Research
Laboratories, Pleasanton, CA, USA). The mice were anesthetized with an intraperitoneal injection of avertin
(1.2% avertin, 0.02 mL/g body weight; Sigma-Aldrich). Mydriasis was induced by 1% tropicamide, and 2%
hydroxypropyl-methylcellulose drops were used to avoid eye drying. Bidimensional OCT images were
acquired by image-guided circular scans (550 um diameter) around the optic nerve head. The segmentation of
retinal layers and the quantification of layer thickness were performed using Insight software (Phoenix

Research Laboratories). Data from both eyes were averaged.

2.1.5 Immunofluorescence

Mice were sacrificed by cervical dislocation. Both eyes were immediately enucleated and immersion-fixed in
4% paraformaldehyde in 0.1 M phosphate-buffered saline (PBS) 1x for 2 h at room temperature. The fixed
eyes were transferred to 0.1 M PBS 1x containing 25% sucrose and stored at 4°C until usage. Subsequently,
the eyes were embedded in cryo-gel, frozen using liquid nitrogen, cut into 10 pm-thick coronal sections with
a cryostat, and mounted onto gelatin-covered glass slides. The sections were then incubated with primary
antibodies (Table 2) diluted in 0.1 M PBS 1x containing 0.1% Triton X-100 overnight at 4°C, followed by
incubation with appropriate secondary antibodies conjugated with Alexa-Fluor 488 (ab150077, Abcam,
Cambridge, UK) or Alexa-Fluor 555 (ab150078, Abcam) at 1:200 dilution in 0.1 M PBS 1x containing 0.1%
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Triton X-100 for 2 h at room temperature in the dark. After rinsing, the slides were coverslipped with
Fluoroshield mounting medium containing 4',6-diamidino-2-phenylindole (DAPI, Abcam). Images were
viewed with an epifluorescence microscope (Ni-E; Nikon-Europe, Amsterdam, The Netherlands) and acquired
with a DS-Filc digital camera (Nikon-Europe). To evaluate the RGC number, 3 retinal sections adjacent to the
optic nerve head (central retina) were chosen from each retina (six retinas per group). The RGC number was
calculated as the average number of RNA-binding protein with multiple splicing (RBPMS) immunopositive

somata.

Table 2. List of antibodies used for immunofluorescence.

Antibody Source Catalogue Dilution
Rabbit monoclonal antibody anti-f-Amyloid Cell Signaling 8243 1:800
Rabbit polyclonal antibody anti-RBPMS Novus Biologicals NBP2-20112 1:500
Rabbit polyclonal antibody anti-glutamine synthetase Abcam ab228590 1:400
Rabbit monoclonal antibody anti-GFAP Abcam ab207165 1:400
Rabbit monoclonal antibody anti-Ibal Abcam ab178846 1:200
Rabbit monoclonal antibody anti-active caspase 3 Cell Signaling 9664S 1:100

2.1.6 Western blotting

The eyes were enucleated, and the retinas (2 retinas from the same mouse for each sample) were dissected and
stored at -80°C. For Western blotting, the retinas were lysed by sonication in radioimmunoprecipitation (RIPA)
lysis buffer (Santa Cruz Biotechnology, Dallas, TX, USA) supplemented with phosphatase and protease
inhibitor cocktails. Protein concentration was measured with the Micro BCA Protein Assay (Thermo Fisher
Scientific, Waltham, MA, USA). For each sample, 30 pg of proteins were run on SDS-PAGE gels (4-20%;
Bio-Rad Laboratories, Inc) and transferred onto nitrocellulose membranes (Bio-Rad Laboratories, Inc). Blots
were blocked for 1 h at room temperature with 3% or 5% skimmed milk, depending on the primary antibody
used (Table 3). The blots were incubated with primary antibodies overnight at 4°C. B-actin was used as an
endogenous control. The blots were then incubated for 2 h with appropriate HRP-conjugated secondary
antibodies (goat anti-rabbit, 170-6515, Bio-Rad Laboratories, Inc; rabbit anti-mouse, A9044, Sigma-Aldrich)
at a 1:5000 dilution and developed by the Clarity Western enhanced chemiluminescence substrate (Bio-Rad
Laboratories, Inc). Images were acquired with the ChemiDoc XRS+ instrument (Bio-Rad Laboratories, Inc.),

and the optical density (OD) of the target bands was evaluated with Image Lab 6.0.1 software (Bio-Rad
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Laboratories, Inc.). The data were normalized to the relative OD of -actin or total non-phosphorylated protein,

as appropriate.

Table 3. List of antibodies used for Western Blotting.

Antibody Source Catalogue Blocking Dilution
Mouse monoclonal antibody (AT8) anti-pTau Thermo Fisher MN1020 3% skimmed milk 1:500
Mouse monoclonal antibody (BT2) anti-Tau Thermo Fisher MN1010 3% skimmed milk 1:500
Rabbit monoclonal antibody anti-Nrf2 Abcam ab92946 5% skimmed milk 1:1000
Rabbit monoclonal antibody anti-NQO1 Abcam ab80588 5% skimmed milk 1:1000
Rabbit monoclonal antibody anti-pNF«B (p65) Abcam ab76302 5% skimmed milk 1:1000
Rabbit polyclonal antibody anti-NFxB (p65) Abcam ab16502 5% skimmed milk 1:1000
Mouse monoclonal antibody anti-IL6 Santa Cruz sc57315 5% skimmed milk 1:200
Rabbit monoclonal antibody anti-Bax Abcam ab18273 5% skimmed milk 1:500
Rabbit polyclonal antibody anti-Bcl2 Abcam ab194583 5% skimmed milk 1:500
Mouse monoclonal antibody anti-B-actin Sigma-Aldrich A2228 5% skimmed milk 1:2500

2.1.7 ELISA

The eyes were enucleated, and the retinas were dissected and stored at -80°C. One retina for each sample was
homogenized through sonication in homogenization buffer (5 M guanidine-HCl in 50 mM Tris, pH 8.0) with
a 1x protease inhibitor cocktail containing 4-(2-aminoethyl) benzenesulfonyl fluoride hydrochloride (AEBSF)
(Cat. P2714, Sigma, USA. The homogenates were mixed 6 times for 10 s every 5 minutes and centrifuged at
16000x g for 20 minutes at 4°C. The supernatants were collected, and the protein concentration was measured
with the Micro BCA Protein Assay (Thermo Fisher). The proteins were diluted 1:1000 with standard diluent
buffer, and an ELISA kit (Thermo Fisher, cat. N. KMB3441) was used according to the manufacturer’s
protocol to measure the levels of AP (1-42). The absorbance was determined at 450 nm within 10 min using a
microplate reader (FLUOstar Omega, BMG Labtech, Ortenberg, Germany). The levels of the target protein in

the retinal tissues were calculated using the standard curves and expressed as pg/mg protein.
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2.1.8 Retinal miRNome and bioinformatic analysis

Following the manufacturer's instructions, an enriched fraction of miRNAs was extracted from dissected
retinas using the miRNeasy Mini Kit (Qiagen, Hilden, Germany). Briefly, the retinas (5 samples for each time
point for each strain, each containing 2 retinas from the same mouse) were homogenized in QIAzol Lysis
Reagent using the Tissue Lyser instrument (Qiagen) and spun. The supernatants were added with chloroform
and centrifuged again. The transparent supernatants were recovered and added with pure ethanol, transferred
to the miRNeasy spin columns, and washed with the supplied buffers. The fraction of enriched miRNAs was
then eluted in 30 pL RNase-free water. The quantity and purity of miRNAs were evaluated using
Biophotometer D30 (Eppendorf, Hamburg, Germany). The integrity of the samples was determined by RNA
integrity number (RIN) evaluation using an Agilent 2100 Bioanalyzer (Agilent Technologies, Mountain View,
California). Only samples with a RIN > 7 were selected for library preparation and sequencing. Libraries were
prepared using the QIASeq miRNA library kit with an input of 100 ng/sample, a cycle of library amplification
consisting of 16 PCR cycles. Libraries were sequenced single-end with an Illumina Sequencing NextSeq500
with a depth of 13M fragments/samples on average. The fragment size was 75 bp. After adapter sequences’
removal with cutadapt (Martin, 2011), reads were aligned to miRBase (Kozomara et al., 2019), with the
SHRiMP aligner (Rumble et al., 2009). Table 4 summarizes the sample sequencing statistics. After read count
with UMI and count normalization, an analysis of differentially expressed miRNAs was performed using
DEseq2 (Love et al., 2014), applying the Apeglm shrinkage for LFC. Differentially expressed miRNAs were
filtered using a cutoff of p < 0.05 (statistically significant results). The analysis of miRNA target genes was
performed using MultiMiR (1.26.0) (Ru et al., 2014). Entrez IDs of target genes were used to perform gene
ontology through an over-representation analysis (ORA) by using the enrichGO function of the ClusterProfiler
R package (4.10.1) (Yuet al., 2012). The ORA results were graphically represented using the cnetplot function
of the ClusterProfiler R package.

Table 4. Sample sequencing statistics.

. Passin
. Passing g Sequenced | Mapped .
Passing filter . . miRNA
Sample Seq filter mapped | duplicate | miRNA
filter %) mapped %) %) reads
0 o (1)
(o)
5xFAD 3M 1 10700155 7818248 73,07 86,67 63,33 4,05 1335 733
5xFAD 3M 2 12052942 8159492 67,7 84,41 57,14 4.4 1383 741
5xFAD 3M 3 10838343 7258811 66,97 83,48 55,91 4,02 1393 725
5xFAD_3M 4 10413492 | 6689310 64,24 82,34 52,89 3,67 1382 716
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5xFAD_3M_5 | 11124231 8782416 78,95 90,56 71,5 4,31 1229 730
5xFAD_6M_10 | 12174698 | 8349967 68,58 78,73 54 3,86 1573 825
5xFAD_6M_6 | 12546322 | 8773768 69,93 83,62 58,48 4,24 1414 759
5xFAD_6M_7 | 13377299 | 9117591 68,16 81,05 55,24 4,07 1549 784
5xFAD_6M_8 9458050 6229640 65,87 79,06 52,07 3,34 1457 725
5xFAD_6M_9 | 12472120 | 8470775 67,92 78,56 53,35 3,87 1557 812
5xFAD_9M_11 | 13752822 | 10228841 74,38 85,93 63,91 4,84 1408 779
5xFAD_9M_12 | 12860992 | 9597325 74,62 87,29 65,14 4,72 1391 750
5xFAD_9M_13 | 10576602 | 7316868 69,18 83,01 57,42 3,85 1420 728
5xFAD_9M_14 | 13213051 | 9725513 73,61 87,58 64,46 4,52 1321 741
5xFAD_9M_15 | 10526415 | 8485167 80,61 90,97 73,33 4,45 1179 720
WT_3M_1 15529045 | 11207580 72,17 86,54 62,46 4,69 1421 801
WT_3M_2 12780361 | 9462311 74,04 89,02 65,91 4,52 1276 737
WT_3M 3 10778916 | 7751793 71,92 87,82 63,16 4,15 1217 706
WT_3M 5 14360657 | 10801280 75,21 88,85 66,82 4,97 1311 778
WT_6M_10 11767610 | 8908025 75,7 89,77 67,96 4,38 1198 714
WT_6M_6 12745887 | 9813618 76,99 89,2 68,68 4,6 1268 750
WT_6M_7 11223757 | 8869390 79,02 90,24 71,31 4,48 1223 707
WT_6M_8 10395678 | 7869802 75,7 89,3 67,6 4,36 1162 677
WT_6M 9 14295802 | 10925006 76,42 89,73 68,57 5,08 1244 759
WT_9M 11 12075893 | 9290009 76,93 90,25 69,43 4,63 1195 729
WT_9M_12 10860239 | 7941205 73,12 88,69 64,85 4,4 1240 696
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WT_9M_13 12573685 | 8831200 70,24 84,34 59,23 4,42 1399 771

WT_9M_14 10617639 | 6761805 63,68 79,21 50,44 3,53 1441 719

WT_9M_15 13418682 | 10199780 76,01 88,17 67,02 4,79 1338 774

2.1.9 Validation of miRNA expression

On the retinal samples from 9-month-old mice, both WT and 5xFAD, used for miRNA profiling, miRNA
expression was validated by quantitative RT-PCR (qQRT-PCR) using a commercially available master mix
(SsoAdvanced Universal SYBR Green Supermix, Bio-Rad Laboratories, Inc.) with a reverse universal primer
(Mir-XTM miRNA First-Strand Synthesis Kit, Takara, CA, USA) and miRNA-specific forward primers on a
detection system (CFX Connect Real-Time PCR Detection System provided with the software CFX manager
version 3.1; Bio-Rad Laboratories, Inc.). The miRNA specific forward primer sequences were: miR-124-5p,
5’-CGTGTTCACAGCGGACCTTGAT-3’; miR-3968, 5’>-CGAATCCCACTCCAGACACCA-3’; miR-3963,
5’-TGTATCCCACTTCTGACAC-3’; miR-3473f, 5’-CAAATAGGACTGGAGAGATG-3’; miR-12191-3p,
5’-CCCATGGAGCTGTAGGAGCCG-3’. Small nuclear RNA U1 was used as an endogenous control for

miRNA expression. All reactions were run in triplicate for each sample.

2.1.10 Statistical Analysis

Data were expressed as the mean =+ standard error of the mean (SEM). Statistical significance was evaluated
using the two-way ANOVA followed by the post-hoc Bonferroni comparisons test. GraphPad Prism 9.0

software was used to analyze the data. p < 0.05 values were considered statistically significant.

2.2 Materials and methods for cerebral microcirculation assessments

2.2.1 Animals

In this study, the 2-, 4-, and 6-month-old 5xFAD mice and age-matched WT controls were genotyped and used

as previously described in section 2.1.1 of this thesis.

2.2.2 Dietary supplementation

In the present study, both the SXFAD mice and WT littermates were fed with an ACE oil-enriched diet or a
standard diet immediately after weaning until 2, 4, and 6 months of age. To prepare the ACE oil-enriched diet,
a commercial rodent chow (Teklad 2018, Envigo, San Giorgio al Natisone, Italy) was crushed in powder form
and then homogeneously mixed with ACE oil to reach a final concentration of 12% (w/w) of this oil, following
previous literature (Lucchesi et al., 2024; Santana-Garrido et al., 2024; Santana-Garrido et al., 2021; Santana-

Garrido et al., 2020). The so-prepared oil-powder pellets were maintained at 4°C in the dark until daily usage.
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2.2.3 Measurement of body Weight, water, and food intake

The body weight was monitored monthly by placing the animals on a common laboratory balance. The water
consumption was monitored weekly by measuring the given and remaining volumes in the water bottles of

each cage, and the food intake was measured daily by weighing the given and remaining food in each cage.

2.2.4 Measurement of blood glucose and body fat mass

The blood glucose concentrations were measured monthly using a OneTouch Ultra glucometer (LifeScan Inc.,
Milpitas, CA, USA). The amount of body fat mass was quantified in both WT and 5xFAD mice receiving the
standard or the ACE oil-enriched diet at 2, 4, and 6 months of age by dissecting and weighing the adipose

tissue from each animal.

2.2.5 Serum biochemical analysis

The mice were anesthetized by an intraperitoneal injection of avertin (1.25% avertin/g body weight).
Subsequently, the blood was collected and centrifuged at 16000x g for 5 minutes at 4°C. The serum was
collected and promptly stored at -80°C until use. On the experimental day, the serum was used to detect low-
density lipoprotein (LDL), high-density lipoprotein (HDL), total cholesterol, alkaline phosphatase (ALP),
gamma-glutamyl transferase (GGT), and glutamate pyruvate alanine aminotransferase (GPT). Particularly, the
LDL, HDL, and total cholesterol serum levels were evaluated using direct colorimetric methods (ASKIT2104,
ASKIT1904, ASKIT0802, Assel, Guidonia, Rome), while the serum levels of ALP, GGT, and GPT were
quantified using kinetic methods (ASKIT1203, ASKIT1402, ASKIT1702, Assel, Guidonia, Rome).

2.2.6 Surgical animal preparation

The mice were anesthetized by intraperitoneal injection of Avertin (1.25% solution/g body weight),
tracheotomized, and mechanically ventilated with room air and supplemental oxygen after being paralyzed
with tubocurarine chloride (1mg/kg - h, i.v.). The ventilator settings were adjusted to keep blood gas levels
within the physiological range, with continuous monitoring of end-tidal CO:. Periodic arterial blood samples
(100 uL) were collected through a catheter inserted into the femoral artery for blood gas analysis. Body
temperature was measured and maintained at 37.0 = 0.5°C using a heating stereotaxic frame (Lapi et al. 2016).
The lateral tail vein, located on either side of the tail was used to intravenous injection of the fluorescent tracer
[fluorescein isothiocyanate, FITC bound to dextran, molecular weight 70 kDa (FD 70), 50 mg/100 g b.w., as
5% wt/vol solution in 3 min just once at the start of experiment after 10 min of the preparation stabilization]
through a small-gauge needle (e.g., 27-30 G). Successively, to visualize the pial microvasculature, a closed
cranial window (3 mm X 4 mm) was implanted above the left parietal cortex (stereotactic coordinates: posterior
2 mm to bregma; lateral, 3 mm to midline) (Mayhan and Heistad., 1986). During the drilling of the cerebral

cortex, a cold saline solution was superfused on the skull to avoid overheating. The skull and the dura mater
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were removed, and the brain parenchyma was continuously superfused with artificial cerebrospinal fluid (Lapi

et al. 2020).

2.2.7 Fluorescence microscopy and assessment of microvascular parameters

A fluorescence microscopic technique was utilized in vivo to observe the pial microcirculation. The
microscope (Leitz Orthoplan Wetzlar, Germany) was equipped with long-distance objectives [5x, numerical
aperture (NA) 0.08; 10x, NA 0.20; 32x, NA 0.40], a 10x eyepiece, and a filter block (Ploemopak, Leitz). A
mercury lamp (100-Watt) provided the epi-illumination, and a heat filter prevented the overheating of the
preparations (Leitz KG1). The pial microvascular networks were televised by a Dage MTI 300 low-light-level
camera, and the real-time recordings were stored through a computer-based frame grabber (Pinnacle DC10
plus, Avid Technology, Burlington, MA, USA). For each microvascular network, vessel diameter and length
were measured using a frame-by-frame computerized method (MIP Image; Institute of Clinical Physiology,
CNR, Pisa, Italy), and pial arterioles were classified according to Strahler’s scheme (Lapi et al., 2019; Kassab
et al., 1994; Jiang et al., 1994; Kassab et al., 1993). Briefly, the terminal arterioles (order 1), or those that give
rise to the capillaries (order 0), were identified first. The higher-order arterioles were then identified. For each
vessel, the diameter was expressed as the mean and SEM of three diameter measurements taken in areas
adjacent to the vessel itself, and the length was measured with successive repeated measurements along the
entire length of the vessel between one branch and the next. By plotting the lengths and diameters obtained on
the monitor images in stop-frame conditions, it was possible to construct a map of each microvascular network
studied. We evaluated the number and order of vessels in a window of 400 x 400 pm in all groups of animals.
The increase of microvascular permeability, an indicator of compromised BBB integrity, was quantified by
evaluating the fluorescent dextran leakage from blood vessels and expressed as normalized gray levels (NGLs):
NGL = (I - Ib)/Ib, where, Ib was the baseline gray level at the microvasculature filling with fluorescence, and
I was the value after 30 min of observation. To obtain the gray levels, the MIP image program was utilized,
and the data reported were derived from the average of five windows measuring 50 x 50 pm (taken with the
10x objective) located outside the vessels. To identify the same regions of interest, a computer-assisted device
for XY movement of the microscope table was used. The density of functional capillaries, a key indicator of
tissue blood supply, was measured by a computerized method (MIP Image, CNR, Pisa) in an area of 150 um?,
evaluated as cm/cm? = cm—1 and expressed in percentage. Extracellular AR deposition, a hallmark lesion of
AD, was evaluated by Thioflavin-S (ThS) fluorescence. The pial layer was superfused with aCSF, containing
250 mM ThS at 37.0 £ 0.5°C. The ThS fluorescence intensity was assessed using an appropriate filter (550
nm) and quantified by NGL. A double-blind experimental procedure was conducted to remove bias from

single-operator measurements. In every instance, the results were concordant.

2.2.8 Western blotting

After the sacrifice, the brain was isolated and stored at -80°C. The brain samples were homogenized in 8x

volume of RIPA lysis buffer (Santa Cruz Biotechnology, Dallas, TX, USA) supplemented with phosphatase
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and protease inhibitor cocktails, and protein concentration was measured with the Protein Assay Dye Reagent
Concentrate (Bio-Rad Laboratories, Inc.). Subsequent procedures, including sample preparation,
electrophoresis, and immunoblotting, were carried out as previously described in section 2.1.6 of this thesis,

while the antibodies used are reported in Table 5.

Table 5. List of antibodies used for Western Blotting.

Antibody Source Catalogue Blocking Dilution
Rabbit monoclonal antibody anti-pNF«B (p65) Abcam ab76302 5% skimmed milk 1:1000
Rabbit polyclonal antibody anti-NFxB (p65) Abcam ab16502 5% skimmed milk 1:1000
Mouse monoclonal antibody anti-IL6 Santa Cruz sc57315 5% skimmed milk 1:200
Rabbit monoclonal antibody anti-GFAP Abcam ab207165 5% skimmed milk 1:5000
Rabbit monoclonal antibody anti-Ibal Abcam ab178846 5% skimmed milk 1:500
Rabbit monoclonal antibody anti-HIF1a Abcam ab179483 5% skimmed milk 1:1000
Rabbit monoclonal antibody anti-VEGFA Abcam ab214424 5% skimmed milk 1:1000
Rabbit monoclonal antibody anti-iNOS Abcam ab178945 5% skimmed milk 1:1000
Rabbit polyclonal antibody anti-ZO1 Abcam ab96587 5% skimmed milk 1:500
Rabbit monoclonal antibody anti-Occludin Abcam ab216327 5% skimmed milk 1:1000
Mouse monoclonal antibody anti-Claudin 5 Invitrogen 35-2500 5% skimmed milk 1:500
Rabbit monoclonal antibody anti-CD10 Abcam ab256494 5% skimmed milk 1:1000
Rabbit polyclonal antibody anti-IDE Abcam ab32216 5% skimmed milk 1:1000
Mouse monoclonal antibody anti-B-actin Sigma-Aldrich A2228 5% skimmed milk 1:2500

2.2.9 ELISA

After the sacrifice, the brain was isolated and stored at -80°C. Subsequent procedures were carried out as
previously described in section 2.1.7 of this thesis. The ELISA kit N. KMB3441 was used according to the

manufacturer’s protocol to measure the brain Ap (1-42) levels.
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2.2.10 Novel object recognition test

The NOR test was used to assess short- and long-term memory, based on the innate tendency of rodents to
explore novel objects. The test followed a previously described protocol [0.3390/ph16091307]. Briefly, mice
were habituated to the arena for 10 minutes in the absence of objects. In the training phase, two identical
objects were presented, and animals were allowed to explore for 5 minutes. After a 3-hour retention interval,
one object was replaced with a novel one, and exploration behavior was recorded for 5 minutes. The next day,
24 hours after training, the new object used in the 3 h test was replaced with a new one, and the exploration
behavior was recorded again. Video recordings were analyzed using ToxTrac v2.98 to extract mobility
parameters and trajectories, which were further processed with ImageJ-win32. Data analysis was performed
using GraphPad Prism 9. The Discrimination Index: DI = (Tnovel — Tfamiliar)/(Tnovel + Tfamiliar)) and

Recognition Index: RI = Tnovel/(Tnovel + Tfamiliar), were calculated to evaluate memory performance.

2.2.11 Gravimetric quantification of liver lipid

Liver lipid content was quantified using the gravimetric method originally developed by Folch et al., 1957,
with minor modifications. Mouse liver tissue was homogenized after being mixed with equal volumes of water
and methanol. The homogenate underwent three sequential extractions with chloroform, followed by two
washes with 1 M KCI and water. The chloroform solution was then completely evaporated and subjected to
extended drying until a constant weight was achieved. The lipid content was subsequently quantified and

expressed as milligrams of lipids per gram of tissue (mg/g tissue).

2.2.12 Statistical analysis

Data were expressed as the mean = SEM. Statistical significance was evaluated using the two-way ANOVA
followed by Tukey’s post-hoc multiple comparisons test. GraphPad Prism 9.0 software was used to analyze

the data. p < 0.05 values were considered statistically significant.
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3. RESULTS

3.1 Results on the retinal features

3.1.1 Retinal function of 5xFAD mice

The electroretinographic routine displayed in Figure 1 was designed to obtain a comprehensive evaluation of
the retinal function over time, including dark- and light-adapted photoreceptoral, post-photoreceptoral, and
RGC activity in 5SxFAD mice as compared to their WT counterparts. As depicted in Figure 1A, 5XFAD mice
show retinal activity comparable with WT mice at 3 months of age, while far-reaching changes were observed
at later ages. The analysis of scERG highlighted that the amplitude of the a-wave (Figure 1B), referring to the
overall photoreceptoral activity, was significantly reduced in the SXFAD mice at 9 months of age. In contrast,
the b-wave (Figure 1C), reflecting the overall post-photoreceptoral response, including bipolar cell and Miiller
cell activity, displayed significantly lower amplitudes in SxFAD retinas both at 6 and 9 months of age. Overall,
the scERG data indicated that in 5xFAD mice, inner retinal neurons were affected before evident functional
deficits appeared in retinal photoreceptors. The phERG b-wave amplitudes, which represent the post-
photoreceptor activity mainly related to the cone pathway, did not show any significant variations between
5xFAD and WT mice either at 3 or at 6 months of age, but they were significantly reduced in 5xFAD animals
at 9 months (Figure 1D). Regarding the phNR amplitude, generally related to RGC activity (Cvenkel et al.,
2017), it was significantly reduced in 5XxFAD mice, compared to WT, at both 6 and 9 months of age (Figure
1E). Overall, the phERG data were consistent with those of the scERG analysis and indicated that neurons of
the inner retina (most likely RGCs) displayed pathological functional changes before cone photoreceptors.
PERG responses were recorded to investigate the functional activity of RGCs. Similar to the phNR data, both
the N35-P50 (Figure 1F) and the P50-N95 (Figure 1G) amplitudes were significantly decreased in SxFAD
mice compared to WT, at 6 and 9 months of age. Overall, the PERG data indicated an evident and progressive

decrease in RGC function in SXFAD mice starting at or slightly before 6 months of age.
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Figure 1. The retinal function of WT and 5xFAD mice at 3, 6, and 9 months of age was evaluated with ERG. (A)
Representative scERG, phERG, and PERG waveforms. (B-G) Quantitative analyses of scERG a-wave (B), scERG b-
wave (C), phERG b-wave (D), phNR (E), PERG N35-P50 (F), and PERG P50-N95 (G) amplitudes. Data were shown as
box plots with minimum to maximum whiskers. Statistical significance was evaluated through Two-way ANOVA with

Bonferroni post-hoc test (n = 6). * p < 0.05, ** p <0.01, *** p <0.001, **** p <0.0001 versus age-matched WT.
scERG, scotopic-ERG; phERG, photopic-ERG; PERG, Pattern-ERG.

The progressive worsening of retinal function was confirmed by the analysis of visual acuity with the Prusky
water maze test. As shown in Figure 2A, at both 6 and 9 months, visual acuity in 5xFAD mice was significantly
reduced with respect to that in WT mice. At these time points, the success rate of SXFAD mice was lower than
that of WT mice (Figure 2B). The observation that the response curves at low spatial frequencies and their
slopes at higher frequencies were similar in both strains indicated that the poor performance of 5xFAD mice
was related to the declining retinal function and not to the cognitive impairment that is observed starting at 4-

6 months of age (Padua et al., 2024).
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Figure 2. Visual acuity of WT and 5xFAD mice at 3, 6, and 9 months of age was evaluated by the Prusky water maze
test. (A) Visual acuity, measured in cycles per degree. (B-C) Success rates (percentage of correct trials) for each group in
response to each spatial frequency presented at 6 (left panel) and 9 (right panel) months. Data were shown as box plots
with minimum to maximum whiskers. Statistical significance was evaluated through Two-way ANOVA followed by

Bonferroni’s multiple comparisons test (n = 6). **** p <0.001 versus respective WT.
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3.1.2 Retinal structure of 5xFAD mice
From a structural point of view, the OCT analysis revealed a significant decrease in the RNFL-GCL thickness

at 9 months, which was compensated for by a concomitant increase in IPL thickness (Figure 3A-B).
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Figure 3. In vivo analysis of retinal morphology in WT and 5xFAD mice at 3, 6, and 9 months of age as assessed by
image-guided OCT. (A) Fundus images (upper row) were used to center the scan area around the optic nerve head (500
pum). Circular B-scans of the central retina (lower row) were processed for segmentation of retinal layers. (B) Quantitative
measurements of retinal layer thickness. The OCT scans in WT retinas were similar at all ages. Data were shown as box
plots with minimum to maximum whiskers. Statistical significance was evaluated through Two-way ANOVA with

Bonferroni post-hoc test (n = 6). ** p <0.01, *** p <0.001 versus age-matched WT. RNFL, retinal nerve fiber layer;
GCL, ganglion cell layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer.
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3.1.3 Characterization of 5xFAD mouse retinas

The ERG data indicated that, in 5xFAD mice, RGCs displayed pathological functional changes beginning at
6 months of age. Consistently, AP deposits were observed in the GCL of 5xFAD retinas at 6 months, and they
were further increased at 9 months, when infiltration of the deposits towards internal retinal layers was also
observed (Figure 4A-D). As shown in Figure 4I, measurements of the retinal AB content with ELISA
confirmed significant increases of AP (1-42) in 5XFAD retinas at 6 and 9 months of age. To ascertain whether
the increased presence of AP deposits in the GCL might be associated with changes in RGC viability, the
number of RBPMS-immunolabeled RGCs was evaluated over time in WT and 5xFAD retinal sections (Figure
4E-H). In line with the ERG recordings and with the data of A immunofluorescence, a significant decrease

in RGC number, compared to WT, was observed in 5XxFAD retinas at 6 and 9 months of age (Figure 4J).
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Figure 4. Evaluation of AP accumulation and loss of RGCs in WT and in 5xFAD mouse retinas at 3, 6, and 9 months of
age. (A-H) Representative images of retinal cross-sections immunolabeled for Ap (A-D) and RBPMS (E-H) with DAPI
counterstain. The immunostaining patterns in WT retinas were similar at all ages; therefore, only one representative image
of a WT retina is represented. Scale bar, 30 um. (I) ELISA quantification of retinal AB (1-42) levels. (J) RGC numbers
in the central retina expressed as a percentage of WT at 3 months of age. Data were shown as box plots with minimum to
maximum whiskers. Statistical significance was evaluated through Two-way ANOV A with Bonferroni post-hoc test (n =
6). * p<0.05, ** p<0.01, **** p <0.0001 versus age-matched WT. AB, amyloid beta; RBPMS, RNA-binding protein
with multiple splicing; GCL, ganglion cell layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear
layer.
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The ERG data and the analysis of RGC numbers suggested the occurrence of significant cell loss in SxFAD
mice between 6 and 9 months of age. Accordingly, observations of active caspase 3 immunofluorescence
(Figure 5A-D) showed the presence of apoptotic cell profiles, mainly localized in GCL in 9-month-old 5xFAD
retinas. A western blot analysis showed a significant increase in the Bax/Bcl-2 ratio in 9-month-old 5xFAD

mice (Figure SE-F), further supporting these findings.
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Figure 5. Evaluation of apoptosis in WT and in 5XFAD mouse retinas at 3, 6, and 9 months of age. (A-D) Representative
images of retinal cross-sections immunolabeled for active caspase 3 with DAPI counterstain. The immunostaining
patterns in WT retinas were similar at all ages; therefore, only one representative image of a WT retina is represented.
Scale bar, 30 pm. (E-G) Western blotting and densitometric analysis of Bax (E), Bcl-2 (F), and Bax/Bcl-2 ratio (G). The
levels of Bax and Bcl-2 were normalized to B-actin as well as to control (WT at 3 months of age). Data were shown as
box plots with minimum to maximum whiskers. Statistical significance was evaluated through Two-way ANOVA with

Bonferroni post-hoc test (n = 6). ** p<0.01, **** p <0.0001 versus age-matched WT. Bax, Bcl-2-associated X protein;

Bcl-2, B-cell lymphoma 2; GCL, ganglion cell layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer
nuclear layer.

In addition to AP accumulation, the hallmark of AD is an increased rate of Tau protein phosphorylation. A
significant increase in the protein content of both Tau (Figure 6A) and pTau (Figure 6B) was observed in
5xFAD retinas over time. In particular, as shown in Figure 6, the ratio pTau/Tau (Figure 6C) resulted
significantly higher in 5XFAD retinas, compared to WT, at both 6 and 9 months of age, indicating a remarkable

increase of Tau protein phosphorylation in 5XFAD retinas over time.
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Figure 6. Evaluation of Tau protein phosphorylation in WT and in 5XFAD mouse retinas at 3, 6, and 9 months of age.
Representative Western blotting and densitometric analysis of Tau protein (A), its phosphorylated form (B), and relative
quantification of pTau/Tau ratio (C). The levels of pTau and Tau protein were normalized to B-actin as well as to the
control (WT at 3 months of age). Data were shown as box plots with minimum to maximum whiskers. Statistical

significance was evaluated through Two-way ANOVA with Bonferroni post-hoc test (n = 6). * p < 0.05, ** p <0.01,
*%% 5 <0.001, ¥*F** 5 <0.0001 versus age-matched WT. pTau; phosphorylated Tau.

Increased inflammation and oxidative stress are likely to be involved in the pathological changes observed in
the retinas of 5xFAD mice. As shown in Figure 7A-C, a marked increase in NFxB phosphorylation was
observed in 5xFAD retinas at 9 months of age, and the protein content of IL-6 was significantly increased at
the same age (Figure 7D). The pattern of oxidative stress markers Nrf2 (Figure 7E) and NQOI1 (Figure 7F)
was similar to that of NFkB phosphorylation and IL-6 protein content. Overall, these data indicated high levels

of inflammation and oxidative stress in SxXFAD retinas at 9 months of age.
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Figure 7. Evaluation of neuroinflammatory (A-C) and oxidative stress markers (D-F) in WT and 5xFAD mouse retinas
at 3, 6, and 9 months of age. Western blotting and densitometric analysis of NFkB (A), pNFkB (B), IL-6 (D), Nrf2 (E),
NQOI1 (F), and relative quantification of pNF«xB/NF«B ratio (C). The level of NFkB, pNF«B, IL-6, Nrf2, and NQO1 was
normalized to B-actin as well as to control (WT at 3 months of age). Data were shown as box plots with minimum to
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maximum whiskers. Statistical significance was evaluated through Two-way ANOV A with Bonferroni post-hoc test (n =
6). ¥** p <0.001, ¥*** p < 0.0001 versus age-matched WT. NFxB, Nuclear Factor kappa-light-chain-enhancer of

activated B cells; pNF«kB, phosphorylated NFkB; IL-6, interleukin-6; Nrf2, Nuclear factor erythroid 2-related factor 2;
NQOL1, NAD(P)H quinone dehydrogenase 1.

The glial cells of the retina were investigated using different immunohistochemical markers. To ascertain
whether Miiller cells were affected by the pathological conditions that develop in the 5xFAD retina over time,
they were labeled with antibodies directed to GS. As illustrated in Figure 8 A-D, no changes were observed in
GS immunostaining in 5XFAD retinas, either with respect to WT retinas or over time. GFAP immunostaining
was employed to visualize astrocytes and to ascertain the possible occurrence of glial reactivity (that is, GFAP
staining in Miiller cells) in 5xFAD retinas. Figure 8E-H clearly shows no changes in astrocyte appearance
and the absence of any signs of glial reactivity. Finally, Ibal immunostaining was used to visualize microglial
cells. These cells were observed in WT and 5xFAD retinas at all ages. They were mainly localized within the
IPL and the OPL and were characterized by long and ramified processes in both WT and 5xFAD retinas at 3
and 6 months of age (Figure 81-K). At 9 months, Ibal immunolabeled cells in 5XFAD retinas displayed shorter
and less ramified processes, and some of them appeared to have almost completely lost their ramifications,

assuming an amoeboid morphology typical of reactive or activated microglial cells (Figure 8L).
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Figure 8. Evaluation of macro- and microgliosis in WT and 5xFAD mouse retinas at 3, 6, and 9 months of age. The
immunohistochemical patterns in WT retinas were similar at all ages; therefore, only one representative image of a WT
retina is represented. Representative images of retinal cross-sections immunolabeled for GS (A-D), GFAP (E-H), and
Ibal (I-L) with DAPI counterstain. The immunostaining patterns in WT retinas were similar at all ages. Scale bar, 30 um.
GS, Glutamine Synthetase; GFAP, glial fibrillary acidic protein; Ibal, Ionized calcium-binding adaptor molecule 1; GCL,
ganglion cell layer; INL, inner nuclear layer; OPL, outer plexiform layer; ONL, outer nuclear layer.
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3.1.4 Retinal miRNA profiling

To evaluate the possible involvement of miRNAs in the development of retinal morpho-functional and
molecular alterations in 5xFAD mice, a retinal miRNA profiling of 5XFAD mice was performed using samples
at 3, 6, and 9 months of age. WT mice of the same age were used as controls. As shown in Figure 9A, a PCA
analysis of the samples collected at all time points suggested a batch effect due to samples collected at different
times. Therefore, a differential expression analysis was performed over all time points after batch effect
correction. Five differentially expressed miRNAs, downregulated in 5XFAD mice at 3, 6, or 9 months, were
identified (Figure 9B), and their putative effectors were retrieved. The intersections among their putative
effectors are shown in Figure 9C. Four out of five deregulated miRNAs (mmu-miR-12191-3p, mmu-miR-
3963, mmu-miR-3968, and mmu-miR-124-5p) were then validated at 9 months through qRT-PCR, while
validation failed for mmu-miR-3473f (Figure 9D).
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Figure 9. Batch effect and data processing. (A) Principal Component Analysis showing a batch effect. (B) Heatmap after
batch correction representing the hierarchical clustering analysis of miRNome. The expression values of each miRNA
are normalized across each row, where red and blue represent up- and down-regulation, respectively. Each miRNA
expression value is represented by a single row of colored boxes, while columns represent different mice (mutated or
wildtype) at different time points (3, 6, or 9 months). (C) Gene target intersections are represented with a Venn diagram.
(D) Relative expression levels of the five differentially expressed miRNAs. Data were shown as box plots with minimum
to maximum whiskers. Statistical significance was evaluated through Two-way ANOVA with Bonferroni post-hoc test

(n=6). *¥* p<0.01, ¥** p <0.001 versus age-matched WT.
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Among the differentially expressed miRNAs validated through qRT-PCR, we focused our analysis on mmu-
miR-3968 and mmu-miR-124-5p, whose expression is related to AD onset/progression. We found that they
have 194 effector genes in common. The biological processes in which they are involved were investigated
with an ORA analysis. The ORA revealed that the target genes were involved in processes such as apoptosis,
inflammation, photoreceptor differentiation, neuronal and synaptic function, and eye development (Figure 10)

(Wang et al., 2023; An et al., 2017), corroborating the previous morpho-functional and molecular analyses.
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Figure 10. Enriched biological processes by common target genes of mmu-miR-124-5p and mmu-miR-3968 assessed
through an over-representation analysis and visualized using the cnetplot function ClusterProfiler R package. The colored
nodes represent the pathways, and the grey nodes are the differentially expressed genes associated with those pathways.
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3.2 Results on the cerebral microcirculation parameters and dietary impact of the ACE oil
supplementation

3.2.1 ACE oil-enriched diet prevents cerebral microcirculation alterations

Since cerebral microvasculature is affected in AD patients (Chwalisz, 2021; Attems and Jellinger, 2014;
Nelson et al., 2012) and EVOO has been reported to positively impact the cerebral microvasculature in subjects
with mild cognitive impairment (Kaddoumi et al., 2022), we evaluated the effect of the ACE oil-enriched diet
on pial microcirculation. As shown in Figure 11A-D, when compared to their relative controls that did not
exhibit any pathological changes, 5xXFAD mice receiving a standard diet displayed far-reaching changes in
arteriolar vessel morphology starting at 2 months. By Straler's method, for the first time used to classify
microvascular networks in mice, it was possible to identify 3 orders of arterioles in all WT studied, while only
2 vessel orders were present in S5XFAD (reduction of arteriolar vessels) (Table 6). Interestingly, the order 2
vessels in SxFAD mice were significantly longer than the order 2 vessels in WT, a finding due to pronounced
tortuosity. These characteristics were associated with recurrent arteriovenous anastomoses. The ACE oil-
enriched diet efficiently restored preserved alterations in the pial cerebral microcirculation in SXFAD mice
(Figure 11E-H). In particular, the arteriolar networks are made up of three orders of vessels, and the trend is
linear as was observed in WT. The microvascular permeability, which increased in 5XFAD mice receiving the
standard diet starting from 4 months, was significantly decreased by the ACE oil-enriched diet (Figure 111).
Moreover, the perfused capillary density, which was progressively reduced in 5xFAD mice receiving the
standard diet starting from 2 months and reaching a reduction of about 50% at 6 months, was almost completely

prevented by the ACE oil-enriched diet (Figure 11J).
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Figure 11. Effects of the ACE oil-enriched diet on pial microcirculation. (A-H) Representative images of pial
microvasculature in WT (A, E) and 5xFAD (B-D, F-H) mice fed either a standard (A-D) or an ACE oil-enriched diet (E-
H). WT mice displayed similar patterns across all ages; therefore, only one representative image is shown for each dietary
condition. Scale bar, 150 pm. The microvascular permeability was measured and expressed as normalized grey levels (I),
while the perfused capillary density was quantified and expressed as a percentage of control (WT receiving the standard
diet at 2 months of age) (J). Data were shown as histogram columns with minimum to maximum whiskers. Statistical
significance was evaluated through two-way ANOVA followed by Tukey’s post-hoc multiple comparison test (n =5 for
each experimental group). * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. ACE, Acebuche, NGL,
normalized grey levels.

Table 6. Strahler scheme for ordering the segments of a tree-like cerebrovascular network.

Experimental Group | Dietary Order | Diameter (um) Length (upm) Arterioles (n)
3 369+24 587+ 14.3 20+1.0
2-month-old WT Standard 2 245+1.7 325.7+21.2 5.5+1.0
1 16.0+0.9 174.5+18.0 7.0+£2.0
3 363+2.2 580+ 15.5 2.0+0.5
2-month-old WT ACE 2 25.7+23 320.8 £20.2 40+1.0
1 17.1+0.9 168.3£17.0 8.0+2.0
3 None None None
2-month-old 5XxFAD Standard 2 263 +2.1 405.2 +16.8 25+0.5
1 155+0.5 205.8 £12.5 45+1.0
3 348+23 489.1 £ 16.7 1.0+£0.5
2-month-old 5XxFAD ACE 2 239+1.4 384.4+£19.2 40+1.5
1 17.3£0.2 168.7+15.3 50+1.0
3 36.6+3.2 6223 +12.2 20+1.0
4-month-old WT Standard 2 258+2.6 4058 £17.6 50=£1.0
1 16.7+1.3 180.3 £16.0 6.0+£2.0

60



359+2 6574 +15.3 1.5+£0.5
4-month-old WT ACE 26.7+1.9 3972+12.9 50+1.5
16.2+1.7 195.3+£9.6 7.0+1.0

None None None
4-month-old SxFAD Standard 25.1+£3.6 478.1+204 2.0+0.5
17.0+1.4 189.0 £ 15.7 4.0+1.0
352+3.0 623.7+15.4 1.0+£0.5
4-month-old 5xFAD ACE 248 +2.6 3523+17.2 40+1.5
16.7+1.7 176.5 +14.7 6.0=+1.0
37.1+3.0 635.7+13.1 1.5+1.0
6-month-old WT Standard 264+1.8 373.6+18.7 6.0+0.5
17.1+0.3 202.5+14.4 70+1.5
36.8+2.2 627.5+13.8 2.0+1.0
6-month-old WT ACE 25.1+1.6 303.0+15.9 6.5+2.0
16.7+0.8 197.5+£15.8 8.0+2.0

None None None
6-month-old 5xFAD Standard 272423 525.6+17.3 1.5+0.5
159+1.9 1954+ 11.1 35+1.5
36.7+2.5 503.7+15.2 25+1.0
6-month-old 5XxFAD ACE 249+2.7 408.1 +£21.5 50+1.0
155+0.8 188.4+£13.8 7.0+£2.0
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3.2.2 ACE oil-enriched diet reduces cerebrovascular AB accumulation

ThS is a fluorescent dye commonly used to detect amyloid deposits, typically associated with
neurodegenerative diseases such as AD. As shown in Figure 12, the ThS fluorescence intensity was evaluated
in WT and 5xFAD mice fed either a standard diet (Figure 12A-D) or an ACE oil-enriched diet (Figure 12E-
H). The data reveal the presence of widespread AP deposits in 5XFAD mice at 4 months (Figure 12C) and 6
months of age (Figure 12D), corresponding to a marked increase in ThS fluorescence intensity (Figure 12I).
To corroborate these observations, we quantified brain AP levels in WT and 5xFAD mice under both dietary
conditions. As illustrated in Figure 12J, 5XFAD mice exhibited a progressive accumulation of AB (1-42)
starting at 4 months of age, consistent with enhanced APP processing in this model. Notably, dietary
supplementation with ACE oil significantly lowered ThS fluorescence intensity (Figure 12I) and brain AP (1-
42) levels (Figure 12J) in 5xFAD mice, suggesting a potential protective effect of ACE oil against amyloid
pathology.
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Figure 12. ACE oil-enriched diet decreased cerebrovascular AP accumulation in S5XFAD mice. Representative images of
ThS fluorescent intensity in WT and 5xFAD mice fed with a standard diet (A-D) or an ACE oil-enriched diet (E-H).
Scale bar, 150 pm. The ThS fluorescent intensity was measured and expressed as normalized gray levels (I). The levels
of AP (1-42) were measured by ELISA in brain homogenates from WT and 5xFAD mice receiving the standard or the
ACE oil-enriched diet (J). Data were shown as histogram columns with minimum to maximum whiskers. Statistical
significance was evaluated by two-way ANOVA followed by Tukey’s post-hoc multiple comparison test (n = 5 for each
experimental group). **, p < 0.01, **** p < 0. 0001. ACE, Acebuche; AB, amyloid beta; ThS, thioflavin S; NGL,
normalized grey levels.
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3.2.3 ACE oil-enriched diet prevents the downregulation of AB-degrading enzymes

Brain AP accumulation may result not only from increased production but also from impaired clearance;
therefore, we evaluated the expression of two key AB-degrading enzymes, IDE and CD10, in the brain of both
WT and 5xFAD mice fed either a standard or an ACE oil-enriched diet. As shown in Figure 13, levels of both
IDE and CD10 were lower in 5XFAD compared to WT mice at 4 and 6 months. In 5xFAD mice, the ACE oil-
enriched diet prevented the reduction of IDE and CD10 levels.
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Figure 13. Effects of the ACE oil-enriched diet on the levels of AB-degrading enzymes. (A, B) Representative Western
blots showing immunoreactive bands and relative densitometric analysis of IDE (A) and CD10 (B) levels in brain
homogenates from WT and SxFAD mice receiving the standard or the ACE oil-enriched diet. The level of IDE and CD10
was normalized to B-actin as well as to the control (WT receiving the standard diet at 2 months of age). Data are shown
as histogram columns with minimum to maximum whiskers. Statistical significance was evaluated through two-way
ANOVA followed by Tukey’s post-hoc multiple comparison test (n = 5 for each experimental group). ** p <0.01, ***
p <0.001, and **** p <(0.0001. ACE, Acebuche; IDE, Insulin-Degrading Enzyme; CD10, Cluster of Differentiation 10.
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3.2.4 ACE oil-enriched diet prevents hypoxia and maintains BBB integrity

The presence of hypoxic conditions, likely resulting from vascular alterations, and the progressive breakdown
of BBB integrity were assessed by Western blot analyses (Figure 14). Particularly, a marked increase in
hypoxia-inducible factor (HIF)-1a (Figure 14A) and VEGF-A (Figure 14B) levels was found in 5XxFAD mice
starting from 2 months of age. The ACE oil-enriched diet restored both HIF-1a and VEGF-A levels at 2 and
4 months of age, but not in 6-month-old 5XxFAD mice. Moreover, from 4 months onward, SxXFAD mice
exhibited a significant reduction in cerebral claudin-5 expression (Figure 14C) that was restored by the ACE
oil-enriched diet at 4 but not at 6 months. The levels of additional BBB markers, occludin (Figure 14D) and
Z0-1 (Figure 14E), were not affected in 5xFAD mice.
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Figure 14. Effects of the ACE oil-enriched diet on the levels of hypoxia and blood-brain barrier (BBB) markers. (A-E)
Representative Western blots showing immunoreactive bands and relative densitometric analysis of HIF-1a (A), VEGF-
A (B), claudin-5 (C), occludin (D), and zonula occludens (ZO)-1 (E) levels in brain homogenates from WT and 5xFAD
mice receiving the standard or the ACE oil-enriched diet. The level of HIF-1a, VEGF-A, claudin-5, occludin, and ZO-1
was normalized to B-actin as well as to the control (WT receiving the standard diet at 2 months of age). Data are shown
as histogram columns with minimum to maximum whiskers. Statistical significance was evaluated through two-way
ANOVA followed by Tukey’s post-hoc multiple comparison test (n = 5 for each experimental group). * p <0.05, ** p
<0.01, ¥** p <0.001, and **** p <0.0001. ACE, Acebuche; HIF-1a, Hypoxia-Inducible Factor 1-alpha; VEGF-A,
Vascular Endothelial Growth Factor A; ZO-1, zonula occludens-1.

64



3.2.5 ACE oil-enriched diet reduces gliosis

To investigate whether BBB disruption and the Af accumulation might trigger a reactive gliosis and if this
process might be counteracted by ACE oil, we evaluated the expression of acknowledged markers of micro-
and macrogliosis, Ibal and GFAP, respectively. As shown in Figure 15, both Ibal (Figure 15A) and GFAP
(Figure 15B) were upregulated in the brain of S5XFAD mice starting from 4 months. The ACE oil-enriched

diet significantly attenuated gliosis in 4-month-old mice, with a partial loss of effectiveness at 6 months of age.
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Figure 15. Effects of the ACE oil-enriched diet on the levels of micro- and macrogliosis markers. (A, B) Representative
Western blots showing immunoreactive bands and relative densitometric analysis of Ibal (A) and GFAP (B) levels in
brain homogenates from WT and 5xFAD mice receiving the standard or the ACE oil-enriched diet. The level of Ibal and
GFAP was normalized to B-actin as well as to the control (WT receiving the standard diet at 2 months of age). Data are
shown as histogram columns with minimum to maximum whiskers. Statistical significance was evaluated through two-
way ANOVA followed by Tukey’s post-hoc multiple comparison test (n = 5 for each experimental group). **** p <
0.0001. ACE, Acebuche; Ibal, Ionized calcium-binding adaptor molecule 1; GFAP, glial fibrillary acidic protein.
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3.2.6 ACE oil-enriched diet delays the onset of neuroinflammatory processes

Cerebral gliosis is accompanied by the activation of neuroinflammatory processes. As shown in Figure 16,
starting from 4 months, 5xFAD mice exhibited clear signs of neuroinflammation. This was evidenced by an
increased ratio between the phosphorylated form of NF-kB (pNF-kB) and its total form (Figure 16A-C),
elevated levels of the pro-inflammatory cytokine IL-6 (Figure 16D), and upregulation of the key player of the
brain inflammatory response, inducible nitric oxide synthase (iNOS) (Figure 16E). The ACE oil-enriched diet
significantly attenuated neuroinflammatory phenomena in 4-month-old mice, whereas this effect was no longer

observed in 6-month-old 5xFAD mice.
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Figure 16. Effects of the ACE oil-enriched diet on the levels of neuroinflammatory markers. (A, B) Representative
Western blots showing immunoreactive bands and relative densitometric analysis of the pNF-kB (A) and NF-kB (B)
levels in brain homogenates from WT and 5xFAD mice receiving the standard or the ACE oil-enriched diet. (C) Ratio
between the levels of pNF-kB and NF-kB. (D, E) Representative Western blots showing immunoreactive bands and
relative densitometric analysis of IL-6 (D) and iNOS (E) in the same groups as in (A, B). The level of pNF-kB, NF-kB,
IL-6, and iNOS was normalized to B-actin as well as to the control (WT receiving the standard diet at 2 months of age).
Data are shown as histogram columns with minimum to maximum whiskers. Statistical significance was evaluated
through two-way ANOVA followed by Tukey’s post-hoc multiple comparison test (n = 5 for each experimental group).

**%* £ <0.001 and **** p <0.0001. ACE, Acebuche; NFkB, Nuclear Factor kappa-light-chain-enhancer of activated B
cells; pNFkB, phosphorylated NF«kB; IL-6, interleukin-6; iNOS, inducible Nitric Oxide Synthase.
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3.2.7 ACE oil-enriched diet ameliorates cognitive deficits

Cognitive decline in 5XFAD mice typically begins at 4 months of age, marking the onset of a prodromal phase
that progresses to a symptomatic phase by approximately 6 months (Padua et al., 2024). To investigate the
potential neuroprotective effects of the ACE oil-enriched diet on cognitive function, SXFAD mice were
subjected to the NOR test by evaluating both short (3 h) and long-term (24 h) memory. As shown in Figure
17, the two-key metrics, DI and RI, were ameliorated by the ACE oil, with an effectiveness that was lost at 6
months. In particular, when tested at 3 h, DI and RI were increased at 4 months, while when tested at 24 h, DI

and RI resulted in increased values at both 2 and 4 months.
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Figure 17. Effects of the ACE oil-enriched diet on cognitive functions. Cognitive functions in SXFAD mice receiving the
standard or ACE oil-enriched diet were assessed by the NOR test. (A-D) Discrimination index (A, B) and recognition
index (C, D) were evaluated at 3 h (A, C) and 24 h (B, D) after training. Data are shown as box plots with minimum to
maximum whiskers. Statistical significance was evaluated through two-way ANOVA followed by Tukey’s post-hoc

multiple comparison test (n = 10 for each experimental group). * p <0.05, ** p <0.01, *** p <0.001. ACE, Acebuche.
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3.2.8 Effects of the ACE oil-enriched diet on metabolic parameters

We monitored the effects of the ACE oil-enriched diet on metabolic parameters. As shown in Figure 18, no
differences were observed in water consumption (Figure 18A), food intake (Figure 18B), and blood glucose
level (Figure 18C) among the experimental groups over time. Conversely, body weight was significantly

increased at 6 months in both WT and 5xFAD mice receiving the ACE oil-enriched diet (Figure 18D).
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Figure 18. Effects of the ACE oil-enriched diet on metabolic parameters. Water intake (A), food intake (B), blood glucose
(C), and body weight (D) were measured longitudinally in WT and 5xFAD mice receiving either the standard or ACE
oil-enriched diet. Data were shown as box plots with minimum to maximum whiskers. Statistical significance was
evaluated through two-way ANOVA followed by Tukey’s post-hoc multiple comparison test (n = 8 for each experimental
group). ** p <0.01. ACE, Acebuche.

At 2 and 4 months of age, no difference in adipose tissue content was observed in WT and 5xFAD mice fed
with a standard or ACE oil-enriched diet. In contrast, at 6 months of age, both WT and 5XxFAD mice receiving
the ACE oil-enriched diet exhibited a significantly increased amount of adipose tissue compared to their

respective counterparts fed with a standard diet (Figure 19).
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Figure 19. Effects of the ACE oil-enriched diet on adiposity. (A-D) Representative images of adipose tissue harvested
from 6-month-old WT and 5xFAD mice receiving the standard or the ACE oil-enriched diet. (E, F) The adipose tissue
was weighed and expressed as absolute weight (E) or as a percentage of the body weight (F). Data were shown as box
plots with minimum to maximum whiskers. Statistical significance was evaluated through two-way ANOVA followed

by Tukey’s post-hoc multiple comparison test (n = 8 for each experimental group). **** p <0.0001. ACE, Acebuche.

Serum biochemical analyses were conducted to evaluate cholesterol levels (Figure 20A-C), as well as the

levels of some key hepatic enzymes (Figure 20D-F). No significant differences were observed in total

cholesterol (Figure 20A), LDL (Figure 20B), or HDL (Figure 20C) levels among the experimental groups.

Conversely, serum levels of hepatic enzymes, including ALP (Figure 20D), GGT (Figure 20E), and GPT

(Figure 20F), were considerably increased in both 6-month-old WT and 5xFAD mice receiving the ACE oil-

enriched diet.
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Figure 20. Effects of the ACE oil-enriched diet on serum levels of cholesterol and hepatic enzymes. (A-F) Serum levels
of'total cholesterol (A), LDL (B), HDL (C), ALP (D), GGT (E), and GPT (F) were measured. Data are shown as histogram
columns with minimum to maximum whiskers. Statistical significance was evaluated through two-way ANOVA followed

by Tukey’s post-hoc multiple comparison test (n = 4 for each experimental group). * p <0.05, ** p < 0.01 and **** p

< 0.0001. ACE, Acebuche; LDL, low-density lipoprotein; HDL, high-density lipoprotein; ALP, Alkaline Phosphatase;
GGT, Gamma-glutamyl transferase; GPT, Glutamic-Pyruvic Transaminase.

Although no differences in hepatic lipid content were apparently observed in 2- and 4-month-old WT and
5xFAD fed with standard or ACE oil-enriched diet, histological analysis revealed marked lipid accumulation
in the liver of 6-month-old animals receiving ACE oil-enriched diet (Figure 21A-D). This qualitative data was
supported by gravimetric analysis (Figure 21E), which confirmed the presence of a higher amount of hepatic

lipids in both 6-month-old WT and 5xFAD mice receiving the ACE oil-enriched diet.
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Figure 21. Effects of the ACE oil-enriched diet on hepatic lipid content. (A-D) Haematoxylin and eosin staining of liver
tissue from 6-month-old WT and 5xFAD mice receiving the standard or the ACE oil-enriched diet. Scale bar, 200 um.
(E) Total hepatic lipid content is expressed as milligrams of lipids per gram of tissue. Data are shown as histogram
columns with minimum to maximum whiskers. Statistical significance was evaluated through two-way ANOVA followed
by Tukey’s post-hoc multiple comparison test (n = 5 for each experimental group). * p < 0.05 and *** p <0.001. ACE,
Acebuche.
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4. DISCUSSION

This PhD thesis presents two distinct yet complementary research projects, both rooted in the study of AD
using the 5xFAD murine model. While each project focuses on a different anatomical and functional domain,
the retina and the cerebral microcirculation, they converge in their aim to elucidate the early pathological

mechanisms of AD and explore novel diagnostic and therapeutic strategies.

The first project provides a comprehensive morpho-functional and molecular characterization of the retina in
5xFAD mice, positioning the retina not only as a passive target of neurodegeneration but as a potential site for
early AD diagnosis. Our findings indicate profound alterations in retinal function, structure, and molecular
signaling, beginning as early as six months of age. Electroretinographic data revealed significant deficits
involving both the inner and outer retinal layers, alongside a progressive decline in visual acuity and RGC
function (Lynn et al., 2025; McCool et al., 2025; McAnany et al., 2021; Zhang et al., 2021; Lim et al., 2020).
Generally, photoreceptor anomalies remain unclear in AD, but a progressive degeneration of rods and cones
was reported in some AD murine models, in which impaired expression of phototransduction proteins,
photoreceptor morphological alterations, functional deficits, and cell death caused by apoptosis, necroptosis,
or senescence were reported (Zhang et al., 2021; Haruta et al., 2009). In line with the alterations evidenced by
ERG recordings, here we show that visual acuity in 5XFAD mice progressively fades starting at 6 months, in
agreement with previous studies using an optomotor test (Zhang et al., 2021). Our data demonstrate a marked
impairment of RGC function in 5xFAD mice starting at 6 months of age, according to previous literature
(Araya-Arriagada et al., 2021; Lim et al., 2020). Concurrently, immunofluorescence and OCT analyses showed
a significant reduction of RGC number and GCL/RNFL thickness in 5xFAD retinas compared to WT, in
accordance with previous findings (Matei et al., 2022; Lim et al., 2020), and the presence of active caspase 3
immunostaining in RGCs of 9-month-old 5XxFAD mice suggested RGC death by apoptosis. This is not
surprising, since it is widely known that RGCs are heavily affected in different neurodegenerative diseases
such as Parkinson's disease, Huntington’s disease, and AD, due to the pathological accumulation of a-
synuclein, mutant huntingtin, and different Ap isoforms, respectively (Yang et al., 2024; La Morgia et al.,
2017; Normando et al., 2016). APP processing through the amyloidogenic pathway produces different A
isoforms. Due to their low solubility, AP (1-42) monomers may form high-order assemblies ranging from low
molecular weight to midrange- and high-molecular-weight oligomers, fibrils, and senile plaques. Among them,
AP oligomers seem to be the most toxic form, as they can interact with different types of receptors expressed
by neuronal, glial, and endothelial cells, inducing neuroinflammation, oxidative stress, synapse loss, Tau
protein hyperphosphorylation, and cell death (Cline et al., 2018; Chen et al., 2017; Gu et al., 2013). In 5xFAD
mouse retinas, we identified the presence of extensive AP deposits at both 6- and 9-months of age, concurrent
with an increase in AP (1-42) levels. Although the mechanisms need to be clarified, it has been demonstrated
that AP may induce neuronal apoptosis both indirectly, triggering neuroinflammatory processes and oxidative
stress, or directly altering the levels of some antiapoptotic or proapoptotic factors such as Bcl2 or Bax (Goel
et al., 2022; Yao et al., 2005). In this respect, our data show higher levels of neuroinflammation and oxidative

stress markers, as well as an increased Bax/Bcl2 ratio in 9-month-old 5xFAD mice, together with the presence
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of active caspase-3 immunoreactive profiles mainly localized in the GCL. We cannot exclude RGC loss also
due to non-apoptotic cell death mechanisms that are typically present in AD, such as ferroptosis, pyroptosis,
or necroptosis (Silva-Llanes et al., 2025; Balusu et al., 2024). Together with neuroinflammation and oxidative
stress, we also observed massive microgliosis with evident microglial phenotypical changes, suggesting a shift
from a surveillant to an activated state in 5xXFAD mouse retinas. This increased microglial reactivity was
concurrent with A accumulation. During AD progression, microglial cells may play a dual role, displaying
neuroprotective or neurotoxic functions depending on the disease stage and contextual factors (Sun et al.,
2024). On the one hand, activated microglial cells may cluster around AP deposits, acting positively through
the formation of a dense barrier that limits AP dissemination or by promoting AP phagocytosis and protease
release. On the other hand, prolonged microglial activation may lead to chronic neuroinflammation,
exacerbating neuronal damage (Baligacs et al., 2024; Chen et al., 2022; Hickman et al., 2008). Indeed, the
oligomeric forms of AP have been shown to interact with various receptors expressed by microglial cells,
among which the receptor expressed on myeloid cells 2, the CD36, CD47, the receptor for advanced glycation
end-products, and the a-6/B-1 integrin, initiating a signaling cascade that leads to microglial activation with
subsequent AP phagocytosis and progressive release of pro-inflammatory cytokines and chemokines, such as
IL-6 and IL-1f (Cai et al., 2022). Noteworthy, it has been demonstrated recently that Ap (1-42) may also
interact with the Dectin-1 receptor expressed by microglial cells, inducing activation of the NFkB signaling
pathway and subsequent expression of pro-inflammatory factors, such as IL-6 (Zhao et al., 2023). Not
surprisingly, we also found an evident increase in NF«B phosphorylation and IL-6 levels in 9-month-old
5xFAD mice. The simultaneous presence of AP deposits and reactive microglial cells may cause IPL
thickening, as observed in 9-month-old 5XxFAD mice (Lim et al., 2020), but further evaluation will be
necessary. Conversely, no macroglial reactivity was observed in the retina of 5XFAD mice, at variance with
previous data reporting an increase of GFAP immunoreactivity (Zhang et al., 2021). While both microgliosis
and macrogliosis are associated with the production of an inflammatory milieu in the AD brain (Maggiore et
al., 2024), the presence of activated macroglia in the retina is not so obvious. For instance, different studies
reported either increased or decreased GFAP immunoreactivity in the retina of AD patients as well as in the
retina of mouse models of AD (Palko et al., 2024; Xu et al., 2022; Chidlow et al., 2017; Edwards et al., 2014;
Blanks et al., 1996). In addition to AP accumulation, we also observed an increase in Tau protein
phosphorylation in the retinas of both 6- and 9-month-old 5XFAD mice, which is likely to play a key role in
retinal degeneration. Normally, the main biological functions of the Tau protein are associated with self-
assembly and stabilization of the microtubule network (Alonso et al., 2018). During AD progression, Tau
protein may undergo hyperphosphorylation in the brain and retinal cells, generating toxic oligomeric forms
and NFTs, causing microtubule destabilization with subsequent synaptic dysfunction and neuronal death
(Davis et al., 2025). Tau protein pathology is closely related to neuroinflammation, considering that sustained
and increased neuronal and glial inflammatory responses may exacerbate the Tau protein pathology, which
further aggravates the inflammatory process (Chen et al., 2023). The pTau intracellular accumulation may

induce activation of the NFxB pathway and subsequent release of pro-inflammatory cytokines, which, in turn,
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stimulate microglia activation, leading to a further increase of inflammation and cell death (Dong et al., 2022).
The present literature indicates that miRNAs play a key role in the regulation of several genes involved in AD.
In this regard, murine models represent an effective tool both to validate miRNA targets in vivo and to provide
relevant information about the role of specific miRNA-dependent gene pathways in AD (Wang et al., 2019;
Delay et al., 2011). Numerous studies on murine models of AD identified and validated different dysregulated
miRNAs involved in AP accumulation, Tau protein phosphorylation, neuroinflammation, neuronal apoptosis,
neurogenesis, cognitive function, mitochondrial dynamics, and synapse activity (Li et al., 2024; Barros-Viegas
et al., 2020; Wang et al., 2019; Delay et al., 2011). Our contribution regarded the identification of two
dysregulated miRNAs in the 5xFAD retinas, miR-3968 and miR-124-5p. These miRNAs are implicated in
biological processes such as apoptosis, inflammation, photoreceptoral differentiation, as well as neuronal and
synaptic function. For instance, miR-124 has been identified as a negative regulator of both NF-kB (Jeong et
al., 2015) and Bax (Xu et al., 2019) expression, while miR-3968 downregulation has been reported to be
associated with inflammatory responses (Mahajan et al., 2024), suggesting that the downregulation of these
miRNAs in the 5xFAD retina may be directly linked to increased neuroinflammation and apoptosis. MiR-3968
and miR-124-5p are also known to be correlated to AD, as miR-124 acts by regulating the activity of BACE
and subsequent AP burden, while miR-3968 was associated with the presence of NFT, synaptic dysfunction,
and memory loss (Counts et al., 2025; Hatzimanolis et al., 2025; Wang et al., 2023; Ouyang et al., 2022; An
et al., 2017). Consistent with the present findings, miR-124 has been reported to be downregulated in both in
vitro and in vivo models of AD (Al-Sawasany et al., 2025; An et al.,, 2017), while miR-3968 was
downregulated in the APP/PS1 mouse model (Wang et al., 2023).

The second project shifts focus to the cerebral microcirculation, providing a detailed profile of the main brain
molecular features of the SxFAD murine model, as well as new evidence supporting the protective effect of
ACE oil against AD-related neurovascular and molecular changes. Under physiological conditions, the proper
functioning of cerebral vasculature plays a pivotal role in maintaining CNS homeostasis by supplying oxygen
and nutrients to the brain, removing metabolic waste products, and regulating the exchange of cells and a wide
range of molecules between the intravascular space, interstitial compartment, and cerebrospinal fluid
(Eisenmenger et al., 2023; Braun and Iliff, 2020). A growing body of evidence suggests that cerebrovascular
dysfunction is a key factor in the development of various neurodegenerative disorders, including Parkinson’s
disease, Huntington’s disease, amyotrophic lateral sclerosis, multiple sclerosis, spinocerebellar ataxias, and
AD (Garcia and Heiman, 2025; Sweeney et al., 2018). In line with this, fluorescence microscopy analyses
reveal clear morpho-functional impairments in the cerebral pial microcirculation of 5XFAD mice as early as 2
months of age, consistent with current literature (Jullienne et al., 2023; Szu and Obenaus, 2021; Anh et al.,
2018; Giannoni et al., 2016; Kook et al., 2012). These vascular abnormalities are characterized by reduced
arteriolar density and pronounced vascular tortuosity, along with the presence of aberrant arteriovenous
anastomoses, perfused capillary rarefaction, and increased microvascular permeability, hallmark signs of
compromised brain circulation and early loss of neurovascular homeostasis. In addition to the observed

cerebrovascular changes, SXFAD mice show lower levels of claudin-5 at both 4 and 6 months of age compared
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to age-matched WT controls. Claudin-5, one of the most abundantly expressed tight junction proteins in the
CNS, is widely recognized as a core regulator of BBB integrity (Jia et al., 2025; Vazquez-Liébanas et al., 2024;
Zhu et al., 2022; Greene et al., 2019). Its deficiency has been strongly associated with increased BBB
permeability and heightened vulnerability to circulating neurotoxic substances, contributing to
neurodegenerative disease progression such as AD (Greene et al., 2019). Consistent with our observations,
reduced levels of claudin-5 have already been reported in various cerebral regions of some murine models of
AD (Shibly et al., 2024; Wang et al., 2022; Zhu et al., 2022) and in the post-mortem brains of AD patients
(Yamazaki et al., 2019). Alongside claudin-5, other critical tight junction components, such as occludin and
Z0-1, also play important roles in maintaining the BBB structure and function (Sugiyama et al., 2023; Liu et
al., 2012). However, no significant differences in occludin and ZO-1 levels can be observed in 5xFAD mice
at the examined time points, suggesting that BBB dysfunction and consequent increased microvascular
permeability may be primarily driven by claudin-5 downregulation during early disease stages. This aligns
with existing literature, which reports that SXFAD mice show decreased levels of occludin and ZO-1 starting
from 9-12 months of age (Jullienne et al., 2023; Anh et al., 2018). Besides that, increased brain levels of HIF-
la and VEGF-A can be observed starting from 2 months, indicating the presence of hypoxic conditions, a
well-recognized feature of AD pathology typically resulting from vascular dysfunction and impaired oxygen
delivery (Tao et al., 2024; Villareal et al., 2016; Daulatzai, 2010). Particularly, hypoxia exerts a dual role. In
the early phases of AD, it promotes the stabilization of HIF-1a, that allows the transcriptional activity of HIF-
1, which subsequently induces VEGF-A expression as part of a protective compensatory mechanism aimed at
restoring oxygen homeostasis and stimulating angiogenesis (Lin et al., 2024). The long-lasting activation of
these factors becomes detrimental, leading to the development of inflammatory processes and neurovascular
alterations (Choi, 2024; Grammas et al., 2011). HIF-1 has also been reported to downregulate AB-degrading
enzymes and concurrently stimulate BACE and y-secretase enzymatic complex activity, thereby exacerbating
AP accumulation and accelerating AD progression (Bonnar et al., 2025; Choi et al., 2024; Lynch et al., 2022;
Salminen et al., 2016; Zhang and Le, 2010; Weller et al., 2008). Some of the main catabolic enzymes involved
in AP degradation include IDE and CD10 (Chen et al., 2017). On the one hand, CD10 is a membrane-bound
endopeptidase predominantly localized on the neuronal surface, especially in pre- and post-synaptic terminal
regions (Morito et al., 2025; Zhou et al., 2017), while IDE is a zinc-binding metalloprotease mainly expressed
in the cytosol of neurons and glial cells (Corraliza-Gomez et al., 2023). Our data highlight a marked reduction
of both CD10 and IDE expression in 5XFAD mice starting from 4 months of age, suggesting their potential
involvement in the progression of the disease. Consistent with these findings, many studies have reported that
reduced levels of CD10 are likely a primary cause of AD (Sasaguri et al., 2021), while the role of IDE remains
less well-defined, even if a progressive increment of AP accompanied by spatial and memory deficits was
found in mice having a deficiency of IDE, underscoring its importance in AD pathogenesis (Corraliza-Gomez
et al., 2023; Farris et al., 2003; Miller et al., 2003). As expected, the simultaneous presence of hypoxia, along
with decreased levels of CD10 and IDE, coincides with increased cerebral A levels. Particularly, ELISA

assays and ThS staining, a method using a non-specific fluorescent probe commonly used to detect AP deposits
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(MacKeigan et al., 2023; Urbanc et al., 2002), reveal increasing levels of A (1-40) and A (1-42) isoforms in
5xFAD mice starting from 4 months. The appearance of AP deposits occurs later than the onset of vascular
damage, aligning with the widely supported “two-hit vascular hypothesis”, which proposes a 2-step positive
feedback loop in which an initial vascular insult compromises BBB integrity and A clearance mechanisms,
thereby creating a permissive environment for subsequent AP accumulation and neurodegeneration
(Eisenmenger et al., 2023; Solis et al., 2021; Nelson et al., 2016). As they accumulate in the brain, numerous
AP isoforms of varying molecular size and solubility can aggregate into a variety of assemblies, including
oligomers, fibrils, and plaques, each with distinct structural and pathological properties (Chen et al., 2017).
Specifically, AP oligomers can interact with a wide range of receptors expressed by neurons and glial cells,
thereby triggering neuroinflammatory phenomena, gliosis, synaptic dysfunction, and neuronal death (Fanlo-
Ucar et al., 2024; Chen et al., 2017). Furthermore, A accumulation in the perivascular spaces can result in a
gradual narrowing of the vascular lumen, ultimately leading to hypoxia and activation of HIF-1, which further
exacerbates the neuroinflammatory response and contributes to subsequent vascular damage (Hai et al., 2024;
Jung et al., 2023). A fundamental role in the development of AD-related neuroinflammatory processes is
played by the transcription factor NF-kB, which orchestrates the expression of a wide range of pro-
inflammatory mediators in response to pathological stimuli, including Ap peptide (Sun et al., 2022; Chen et
al., 2017). Moreover, NF-kB can transcriptionally regulate BACE expression, thus affecting the amyloidogenic
pathway and subsequent cerebral AP accumulation (Lazic et al., 2019; Chami and Checler, 2012; Chen et al.,
2012). Not by chance, the ratio pNF-kB/NF-kB, along with the expression of IL-6 and iNOS, was increased
in 4- and 6-month-old 5xFAD mice compared with the age-matched WT controls, supporting previous
observations reported in AD models (Lindsay et al., 2021; Wang et al., 2019; Lazic et al., 2019; Colton et al.,
2006). The progressive formation of A deposits in the brain may also promote the recruitment and consequent
activation of astrocytes and microglia (Fanlo-Ucar et al., 2024). In the early stages of AD, glial reactivity plays
a protective role by enhancing receptor-mediated phagocytosis of AB. However, chronic activation leads to an
impaired phagocytic capacity, accompanied by a shift toward a pro-inflammatory phenotype, contributing to
neuroinflammation, synaptic dysfunction, and cognitive deficits (Yu et al., 2024; Fanlo-Ucar et al., 2024;
Uddin and Lim, 2022). Consistent with current literature (Jung-Shin et al., 2024; Ko et al., 2024; Angeli et al.,
2020), beyond the neuroinflammatory milieu, an increased expression of GFAP and Ibal can be observed in
5xFAD mice starting from 4 months of age, reflecting astrogliosis and microglial reactivity, respectively. As
expected, the concomitant presence of an altered microvascular network and marked molecular alterations led
to the progressive memory loss starting from 4-month-old 5XFAD mice compared with age-matched WT
controls, confirming the findings of previous studies (Sanchez et al., 2023; Zhang et al., 2021; Li et al., 2021).
Besides drug therapies and genetic approaches (Tartaglia and Ingelsson, 2024; Peng et al., 2023; Van Dyck et
al., 2022; Chen et al., 2017), a growing body of evidence suggests that regular consumption of foods rich in
anti-inflammatory compounds, antioxidants, B-group vitamins, and polyunsaturated fatty acids, such as
EVOO, may exert beneficial effects in slowing down AD progression (Kaddoumi et al., 2022; Lauretti et al.,

2017; Qosa et al., 2015). The administration of an enriched diet of ACE oil, well-known for its neuroprotective
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properties (Lucchesi et al., 2024; Santana-Garrido et al., 2024), effectively prevents the onset of cerebral
microcirculatory abnormalities in 5XFAD mice as early as 2 months of age, by preserving a microvascular
architecture and function comparable to age-matched WT controls. ACE oil also significantly alleviates the
hypoxic condition observed in 5xFAD mice by suppressing the upregulation of HIF-1a and VEGF-A.
Moreover, SxFAD mice receiving ACE oil exhibit levels of claudin-5, CD10, and IDE similar to WT controls,
along with a marked reduction of brain AP and neuroinflammatory markers. A significant improvement in
cognitive function can also be observed starting from 4 months of age. Despite ACE oil administration
conferring a marked protection against early neurovascular and molecular alterations, its efficacy is reduced
at 6 months, being ACE oil still capable of preventing some AD-related brain alterations but not others. The
reduced effectiveness of the ACE oil coincides with increased body weight, total adipose tissue, and hepatic
lipid content, along with higher serum levels of some liver functionality-related enzymes, suggesting that the
development of a systemic dysmetabolic state characterized by hepatic steatosis may have overridden the
initial protective effects of ACE oil. In this respect, metabolic imbalance in the liver has been associated with
AD (Song et al., 2025), indicating that alterations of the liver-brain crosstalk may play a role in AD
pathogenesis. In addition, mice with hepatic steatosis show an increased accumulation of APP in the liver that
decreases the scavenging action of the liver towards AP, potentially enhancing AP accumulation in the
periphery, including the brain, thus promoting AD (Garcia et al., 2022). However, the hepatic damage may not
be the only explanation for the reduced effectiveness of the diet at 6 months. Indeed, this may also be related
to the fact that the 5XFAD mouse, carrying 5 AD-linked mutations, is a model with a rapid onset of AD
phenotype, in particular when compared with other mouse models of AD (Zhong et al., 2024). Therefore, it is
plausible that the anti-inflammatory components of the ACE oil may face such a high burden of metabolic
stress that they lose efficacy after months of administration. Although this hypothesis needs to be verified, for
instance, using a model with a milder AD-related phenotype, the present findings are proof of concept that the
introduction in the diet of an EVOO rich in anti-inflammatory components may be protective against AD-
related damage. On the other hand, the metabolic imbalance after months of the ACE oil-enriched diet was
expected since the lipid content of the standard diet is roughly 6% whereas the content in the ACE oil-enriched
diet is about 17%. In a translational perspective, therefore, to maintain long-term efficacy of the diet,
alternative strategies could be based on a reduced dietary concentration of ACE oil that would make long-term

dietary treatments feasible.

Collectively, these two projects underscore the multifaceted nature of AD, highlighting both retinal and
cerebrovascular compartments as early and vulnerable targets of AD pathology. The findings support the use
of the retina as a surrogate site for early diagnosis and molecular monitoring and emphasize the cerebral
microcirculation as a therapeutic target for intervention. While distinct in anatomical focus, both studies reveal
common pathological mechanisms, including AP accumulation, inflammatory activation, and gliosis,
reinforcing the systemic and interconnected character of AD. Moreover, both projects explore non-invasive or
minimally invasive approaches, retinal biomarkers, and nutritional therapy, offering promising avenues for

early diagnosis and prevention in translational contexts. Ultimately, this thesis contributes novel insights into
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the pathophysiology of AD and opens new perspectives for integrated, multi-targeted strategies in the fight

against neurodegeneration.
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5. CONCLUSION

In conclusion, the two research projects presented in this doctoral thesis provide complementary insights into
the early AD pathological mechanisms, emphasizing the importance of adopting a systemic, multi-organ
approach in the study of neurodegeneration. The retinal investigation confirmed that the eye, and in particular
the retina, can serve as a sensitive and accessible site for detecting early AD-related changes. The functional,
structural, and molecular alterations observed in the 5XFAD retina, including AP and pTau accumulation, RGC
degeneration, microgliosis, and miRNA dysregulation, reflect key hallmarks of AD and open new perspectives
for the development of non-invasive retinal biomarkers for early diagnosis and disease monitoring. At the same
time, the study of cerebral microcirculation revealed that vascular dysfunction is not merely a secondary
consequence but rather an early and active contributor to AD pathogenesis. The identification of BBB
disruption, hypoxia, impaired AP clearance, and inflammatory activation at early time points reinforces the
"two-hit vascular hypothesis", as well as the critical role of the vascular system as a target in both
pathophysiological research and treatment development. Notably, the protective effect of ACE oil
supplementation highlights the therapeutic potential of nutritional interventions targeting vascular and
inflammatory pathways in the early phases of AD. While some limitations related to metabolic side effects
emerged over time, these findings provide a valuable proof of concept and encourage further research into

personalized and balanced nutritional approaches to support brain health.

Taken together, these two projects converge on several central themes, including A toxicity,
neuroinflammation, and cell death, demonstrating how different biological systems, such as the retina and
brain vasculature, can be interrogated in parallel to better understand the complexity of AD. This integrated
approach not only broadens our understanding of disease mechanisms but also lays the groundwork for
multifactorial strategies aimed at early detection, prevention, and intervention. Moving forward, further studies
are needed to explore the temporal relationship between retinal and cerebral changes, to validate retinal
biomarkers in translational settings, and to refine nutritional strategies that can offer long-term neuroprotection
without systemic metabolic burden. Nonetheless, the present findings significantly advance the field and

contribute to a more comprehensive understanding of AD.
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of Cisplatin-Induced Ototoxicity. Manuela Curcio; Giuseppe Cirillo; Rosario Amato; Lorenzo Guidotti;
Diana Amantea; Michele De Luca; Fiore Pasquale Nicoletta; Francesca lemma; Mercedes Garcia-Gil.
DOI: 10.3390/ph15040394.

- Effects of Nutraceuticals on Cisplatin-Induced Cytotoxicity in HEI-OC1 Cells. Lorenzo Guidotti; Elena
Tomassi; Silvia Marracci; Michele Lai; Dominga Lapi; Rossana Pesi; Laura Pucci; Ettore Novellino;
Elisabetta Albi; Mercedes Garcia-Gil. DOI: 10.3390/ijms242417416.

- Characterization and Otoprotective Effects of Polysaccharides from Arthrospira platensis. Matteo Banti;
Mercedes Garcia-Gil; Lorenzo Guidotti; Graziano Di Giuseppe; Simona Rapposelli; Daniela Monti;
Silvia Tampucci; Marinella De Leo; Francesca Gado; Paola Nieri; Clementina Manera. DOL:
10.3390/molecules30020224.

- Hypoxia-Dependent Upregulation of VEGF Relies on B3-Adrenoceptor Signaling in Human Retinal
Endothelial and Miiller Cells. Martina Lucchesi; Lorenza Di Marsico; Lorenzo Guidotti; Matteo Lulli;
Luca Filippi; Silvia Marracci; Massimo Dal Monte. DOI: 10.3390/ijms26094043.

- An Acebuche Oil-Enriched Diet Prevents Early-Stage Cerebrovascular Alterations in the SxXFAD Mouse
Model of Alzheimer’s Disease. Lorenzo Guidotti; Dominga Lapi; Martina Lucchesi; Silvia Valori;
Francesca Corsi; Lucia Giambastiani; Andrea Vornoli; Claudia Gargini; Maurizio Cammalleri; Massimo
Dal Monte. DOI: 10.3390/nu18010172.

- Morpho-Functional Characterization and miRNA Profiling of the Retina in the 5XFAD Murine Model of
Alzheimer's Disease. Lorenzo Guidotti; Martina Lucchesi; Eleonora Daghini; Rosario Amato; Giuseppe
Neri; Francesca Corsi; Silvia Marracci; Claudia Gargini; Ugo Borello; Maurizio Cammalleri; Massimo

Dal Monte; Giovanni Casini. (Accepted for publication; IOVS).
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