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ABSTRACT 

 

Alzheimer’s Disease (AD) represents the most common and burdening form of dementia 

against which, currently, no drug is effective in slowing or counteracting the disease. The 

most challenging aspect is represented by the fact that the etiopathological processes 

leading to AD development are not yet fully clarified. Among other hypotheses, the 

involvement of lipid metabolism has been postulated. Cholesterol, indeed, actively 

participates in several relevant processes for brain homeostasis and disturbances in its 

metabolism have been described in several neurodegenerative diseases, including AD. 

Brain relies on in situ cholesterol biosynthesis, due to the presence of BBB; moreover, 

adult neurons strongly depend on cholesterol provided by astrocytes, as their 

endogenous cholesterol biosynthetic rate is limited. Hence, brain cholesterol transport 

from astrocytes to neurons, specifically mediated by apoE-containing lipoparticles, 

represents a crucial step for neuronal homeostasis. Proprotein Convertase 

Subtilisin/Kexin type 9 (PCSK9), one of the major regulators of plasma LDL-C levels, 

whose involvement in different processes relevant for CNS homeostasis has been 

described, may possibly impact directly on brain cholesterol transport by degrading 

cerebral lipoprotein receptors. However, the currently available evidence of an 

involvement of PCSK9 in AD, possibly by disturbing brain cholesterol transport, is still 

limited and controversial.  

 

This research work stems from the previous observation by our research group of 

increased PCSK9 concentrations in cerebrospinal fluid (CSF) of AD subjects as compared 

to controls. The main objective of this work is the investigation of the potential 

involvement of PCSK9 in brain cholesterol dysregulation, which represents a central 

aspect of AD, aiming at clarifying its role in the disease etiopathogenesis and potentially 

identifying PCSK9 as a possible disease-related biomarker and a pharmacological target.  

To this aim, a translational study was set up, following three different experimental 

approaches including in vitro studies on cultured astrocytes and neuronal cell models, and 

ex vivo analyses upon samples isolated from both animal models of the disease and 

patients with different degrees of cognitive impairment.  

 



                                                                                                                                   

In the first part of the present research work, the impact of PCSK9 on the most relevant 

steps of brain cholesterol transport has been explored. In cultured astrocytes, PCSK9 

induced an increase in endogenous cholesterol biosynthesis, which, however, wasn’t able 

to counterbalance the impairment of cholesterol endocytosis due to its degrading effect on 

lipoprotein receptor, leading to an overall reduction in astrocyte cholesterol content, 

furtherly lowered by the co-incubation with Aβ1-42 fibrils. The observed impairment of 

astrocyte cholesterol homeostasis, namely reduced intracellular cholesterol, may 

eventually translate into reduced supply to neurons. Consistently, in cultured neurons 

PCSK9 furtherly promoted cellular cholesterol depletion by impairing both the endocytic 

process as well as by reducing intracellular cholesterol biosynthesis, possibly resulting in 

compromised neuronal viability.  

In the second part of the present research work, the impact of PCSK9 on cholesterol 

homeostasis was investigated in a transgenic mouse model of AD lacking PCSK9. 

Specifically, the PCSK9 heterozygous and, even more, the homozygous mutation in mice 

led to a significant decrease in both serum and cerebral cholesterol content. Interestingly, 

transgenic AD mice were characterized by an overall reduction of total circulating as well 

as cerebral cholesterol levels, more exacerbated in mice bearing PCSK9 homozygous or 

heterozygous deletion. This evidence supports the involvement of PCSK9 in cerebral 

cholesterol homeostasis, thus reinforcing the previously described in vitro evidence.  

In the third part of the present research work, a case-control study has been performed to 

explore PCSK9 as well as the main lipid levels in 83 subjects with different degrees of 

cognitive impairment, namely subjects with stable mild cognitive impairment (MCI), 

patients with MCI that furtherly degenerated to AD at follow-up, and patients with 

clinically diagnosed AD. CSF and serum PCSK9 levels were similar among the three 

considered groups, but CSF PCSK9 concentration was higher as compared to that of a 

control group previously analysed. This evidence suggests that CSF PCSK9 levels may 

start to increase during the prodromal phases of the disease. AD subjects carrying at least 

one apoE Ɛ4 allele showed higher PCSK9 concentrations as compared to non-carriers. 

Furthermore, a positive correlation between serum and CSF PCSK9 levels was 

highlighted in AD patients, suggesting that an exchange between peripheral and central 

PCSK9 levels may occur, possibly as a consequence of an increased BBB permeability, that 

has been previously reported.  

 



                                                                                                                                   

In conclusion, the results of this translational study, performed upon in vitro as well as ex 

vivo experimental approaches, indicate the involvement of PCSK9 in AD pathogenesis, 

possibly through the modulation of brain cholesterol homeostasis. Altogether, these data 

support the possibility to recognize PCSK9 as a pharmacological target in AD, for which 

effective therapies are still lacking. Hence, the development of small lipophilic molecules 

inhibiting PCSK9 and being able to cross BBB may represent an interesting future 

pharmacological perspective to restore brain cholesterol homeostasis, thus providing a 

potential future innovative therapy for AD. 
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Main abbreviation list (alphabetic order) 

Aβ: Amyloid β 

ABC: ATP Binding cassette 

AD: Alzheimer’s Disease 

apoA-1: apolipoprotein A-I 

apoE: apolipoprotein E 

apoER2: apolipoprotein E receptor 2 

BBB: Blood Brain Barrier 

CSF: Cerebrospinal Fluid 

EOAD: Early Onset AD 

GOF: gain of function 

HDL: High-density lipoprotein 

LC-MS/MS: Liquid Chromatography-Tandem Mass Spectrometry 

LOAD: Late Onset AD 

LOF: loss of function 

LDL: Low-density lipoprotein 

LDLR: Low-density lipoprotein receptor 

LRP1: LDL receptor-related protein 1 

LXR: Liver X Receptor 

mAbs: monoclonal antibodies 

MCI: Mild Cognitive Impairment 

NFT: Neurofibrillary Tangles 

PCSK9: proprotein convertase subtilisin/kexin type 9 

RXR: Retinoid X Receptor 

SNP: Single Nucleotide Polimorphism 

SREBP: Sterol regulatory Element Binding Protein 

VLDLR: Very low-density lipoprotein receptor 

24-OHC: 24-hydroxycholesterol 

25-OHC: 25-Hydroxysterol 

27-OHC: 27-Hydroxysterol
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 2 

1. ALZHEIMER’S DISEASE 

Alzheimer’s disease (AD; OMIM #104300) refers to an age-related cognitive and 

functional decline eventually resulting in death 1. AD dementia was first described in 1906 

by Alois Alzheimer, referring to disorientation and cognitive alterations in a 51-year-old 

woman, associated with brain atrophy and anatomopathological abnormalities in her 

post-mortem neurohystological sections 2. Currently, the diagnostic parameters for AD 

include memory and cognitive assessment tests, as well as the evaluation of specific 

parameters including structural brain imaging, amyloid brain positron emission 

tomography (PET) and cerebrospinal fluid (CSF) analysis 3.  

1.1 EPIDEMIOLOGY 

AD is the most common form of dementia, representing one of the most lethal and 

burdening pathological conditions, with an estimated prevalence of about 50 million 

people worldwide, two-thirds of which are living in low- and middle-income countries 4. 

The incidence of AD in Europe is destined to double by 2050 5. Concerning patients’ 

survival, AD is accompanied by a shorter life expectancy, varying between 3-12 years 

after diagnosis, based on different factors such as patients characteristics, comorbidities 

and their management 6. A recent multicentre study investigated the duration of both 

dementia stage as well as of its prodromal phase, characterized by a mild cognitive 

impairment (MCI), showing that in subjects with a mean age of 70 years, the duration of 

preclinical AD stage was 10 years, followed by a mean 4 years of prodromal AD and overt 

dementia for 6 years 7. Specific screening tests, including Mini-Mental Scale Examination 

(MMSE) and Montreal Cognitive Assessment (MoCa), are usually used to support clinical 

diagnosis and to monitor patients’ cognitive decline 8. The strongest risk factors for AD 

are related to age, gender, with more affected females than men (1.5 relative risk) and 

apolipoprotein (apo) E genotype, with carriers of at least one apoE isoform Ɛ4 at high risk 

of developing AD 3. Among modifiable risk factors, vascular diseases (diabetes, 

hypertension, dyslipidaemia, obesity), tobacco habit, low physical activity, 

cerebrovascular or traumatic brain injury and low cognitive reserve due to low 

educational or professional achievement are noteworthy 9. AD is typically referred as 

early-onset AD (EOAD), representing 5-10% of all AD cases, or late-onset AD (LOAD) 

based on the age of onset, whose cut-off is typically among 60-65 years 10. Two different 

patterns have been observed in EOAD: mendelian (mEOAD), with an autosomal 
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dominant inheritance, that will be furtherly discussed in paragraph 1.2.3, and non-

mendelian or sporadic (nmEOAD), with variable inheritance pattern 11. 

1.2 ETIOLOGY 

AD is a multifactorial disease, in which many risk factors may concur, as 

mentioned in paragraph 1.1. Currently, the underlying causes of AD are not fully defined. 

In this complex framework, different hypotheses have been postulated and coexist, in 

order to explain and describe the pathological alterations that characterize AD.  

1.2.1 Amyloid hypothesis 

One of the most validated hypotheses concerning AD aetiology is related to 

amyloid plaque deposition, which would be responsible for neuronal death in specific 

brain districts. This hypothesis was first formulated in 1984, after the isolation of Amyloid 

β (Aβ) plaques in the brain cortex of AD patients 12 and then reinterpreted several times, 

leading to a more recent insight, in which pathological Aβ deposition is a result of an 

imbalance between Aβ production and its clearance 13. This evidence was also confirmed 

by genetic studies showing that mutations in amyloid precursor protein (APP), Presenilin 

(Psen)1 and Psen2 were related to an autosomal dominant AD form 14. Specifically, in the 

non-amyloidogenic pathway, APP is constitutively cleaved by α- secretases such as 

ADAM10 and ADAM17 between Lysine16 and Lysine17 residues inside the Aβ domain, 

thus originating soluble protein called sAPPα and the membrane-bound fragment of 83 

amino acid, C83, then processed by γ-secretase into p3 protein. sAPPα is involved in 

synaptic plasticity, neuronal signalling, survival and protection, as well as in the 

maintenance of memory, emotional and learning ability 15. In the amyloidogenic process, 

β-secretases (BACE1) and γ-secretases, aspartyl proteases complex composed of Psen1, 

anterior pharynx-defective 1 (Aph1), nicastrin and Psen2, cleave APP between Aspartate 1 

and Glutamic acid 11, leading to insoluble Aβ fragments. These latter are furtherly self-

polymerized into oligomers and then fibrils, that finally aggregate in plaques and 

contribute to neurotoxicity 16. Specifically, APP is a 770 amino acid plasma membrane 

integral protein encoded by a gene located on chromosome 21, which is cleaved either 

through the amyloidogenic or non-amyloidogenic pathway by different proteases, 

exerting different physiological functions involved in neuronal survival and growth. The 

relevance of this protein in physiological conditions is highlighted by recent experimental 

evidence, in which in utero electroporation of short hairpin RNA (shRNA) to knock-down 
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APP in rats results in reduced migration of neuronal precursors in the cortical plate 17. 

Different in vitro studies showed that following γ-secretase processing, the C99 fragment 

originates different peptides, with a length comprised between 37 and 42 amino acids; 

among them Aβ40 and, especially, Aβ42 are more prone to self-aggregation. Different in 

vitro studies investigated the fibril formation process, during which Aβ monomers 

interact spontaneously with one another leading to oligomers formation in the first and 

slow nucleation phase 18. These polymorphic Aβ species are arranged into 3-dimensional 

structures and furtherly aggregated into larger β-strand fibrils 19 in a second elongation 

phase, leading to the aggregation of different structures with different molecular weights 

finally resulting in fibrils 20. The pathological alteration of this process is currently not 

fully clarified, and probably arise from increased production or reduced clearance of Aβ, 

with subsequent aggregation into oligomers and then fibrils and plaques. The resulting 

deposition of Aβ in the brain is related to the correct equilibrium between its production 

and its catabolism or clearance 13. A physiological overproduction of Aβ is related to 

increased age, during which its catabolism is also reduced as a result of decreased activity 

of degrading enzymes such as neprilysin 21, and due to different age-related processes 

such as immune system dysregulation 22, diabetes and mitochondrial and oxidative stress 

23, and also cholesterol metabolism alteration 24. All those listed processes are considered 

risk factors for AD. In parallel, Aβ formation may be promoted by some mutations, such 

as on APP, Psen1 and Psen2 encoding genes, leading to a strong increase in Aβ 

deposition, leading to a fast neurodegeneration 25. Aβ plaques induce a series of 

downstream processes that lead, in turn, to neurotoxicity, such as ion channel blockage, 

alteration in neuronal calcium homeostasis, mitochondrial oxidative stress, excitotoxicity, 

protein tau hyperphosphorylation and lower neuronal energy metabolism and glucose 

homeostasis alteration, leading to cell death and alteration in neurotransmitters, 

especially acetylcholine. In addition, Aβ seems to exert a direct effect on synapses and 

dendritic spines, as demonstrated in mice characterized by a virus-mediated 

overproduction of Aβ, and in 5xFAD mice, an experimental model of AD. In these 

models, the N-methyl-D-aspartate receptors (NMDARs), extremely important for synaptic 

plasticity, learning and memory, subunits GluN1, GluN2 and GluN3 equally contributed 

to Aβ-mediated decrease in the number of postsynaptic receptors in hippocampal 

neurons, essential for neuronal plasticity and short-term memory  26,27. Hence, this specific 

loss of postsynaptic receptor due to Aβ may explain the specific AD-related memory 

impairment. Other than the well-known neurotoxic effect of Aβ fibrils, also different 
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evidence pointing to an Aβ oligomer-induced toxicity are currently available, despite the 

difficulties due to their heterogeneous structure and unstable characteristics. Indeed, 

oligomers interact with at least 20 different cell membranes receptors, including 

glutamate receptors, adrenergic receptors (β2-AR), p75 neurotrophin receptors and 

cellular prion protein receptor (PrPc) 19. As demonstrated by an in vivo study, the 

coincubation of cultured astrocytes with Aβ oligomers leads to a strong increase in 

glutamate release, probably, as a consequence of their interaction with calcium-permeable 

ion channel astrocytic a7 nicotinic acetylcholine receptors (a7 nAChR) 28. Again, the 

interaction of Aβ oligomers and PrPc is known to activate the kinase Fyn, with 

consequent reduction of NMDAR in neuronal synapses, thus leading to dendritic spine 

loss 29. Together with oligomers-induced aberrant signalling, it has been demonstrated 

that they can also directly affect intracellular homeostasis. In this regard, Aβ oligomers 

promoted endothelial reticulum (ER) distress through the activation of phospholipase C, 

with subsequent pro-apoptotic caspase 3 activation 30. Finally, Aβ oligomers seem to be 

involved in mitochondrial dysfunction, by promoting cytochrome c release, lysosomal 

and endosomal membrane disruption and brain-derived neurotrophic factor (BDNF) 

signal perturbation, essential to synaptic plasticity and memory 18. Since BACE1 

represents the rate-limiting step in Aβ formations, is currently considered an attractive 

druggable target for AD, also supported by in vivo evidence in which BACE1 Knock out 

(KO) mice lacked brain Aβ deposition and showed normal behaviour 31, and different 

BACE1 inhibitors have been developed and tested in clinical trials. Among them, MK8931 

(Verubecestat), AZD-3293 (Lanabecestat), JNJ-54861911 (Atabecestat), E2609 

(Elenbecestat) and CNP520 (Umibecestat), all tested in Phase II/III clinical trials but 

prematurely interrupted due to lacking amelioration in patients’ cognition and Aβ 

deposition compared to placebo group 32, suggesting that their therapeutic potential in 

AD may be reviewed. Another field of investigation in AD drug discovery is related to 

the investigation of the therapeutic potential of active anti-amyloid immunotherapies, 

showing, however, important side effects such as severe meningoencephalitis or fatal 

immune response 33,34, thus clearing the path to safer and more controllable passive 

immunisation with monoclonal antibodies (mAbs) against Aβ. Among them, 

aducanumab, a human immunoglobulin gamma 1 (IgG1) is able to specifically target the 

aggregated soluble and insoluble Aβ. A preclinical study conducted upon Tg2576 

transgenic mice showed that aducanumab is able to cross BBB and reach the brain, where 

it binds and reduces Aβ soluble and insoluble aggregates in a dose-dependent fashion 35. 
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Concerning clinical studies, the two Phase III clinical trials, EMERGE (NCT02484547) and 

ENGAGE (NCT02477800), tested aducanumab efficacy and safety in patients in the early 

stage of AD showing MCI and confirmed Aβ deposition.  However, the clinical impact on 

the primary outcome, namely cognitive function, was modest, partially explained by the 

low rate of brain penetration of aducanumab and its selectivity for insoluble Aβ fibrils 

and plaques (-59% in ENGAGE trial and -71% in EMERGE trial) but not for oligomers 36. 

However, considering the therapeutic potential of aducanumab and the lack of effective 

alternatives, it received FDA approval in June 2021 under the trade name of Aduhelm.  

1.2.2 Tauopathy hypothesis 

Despite the Aβ hypothesis holding a pivotal role in AD pathogenesis, different 

observations opened the path for additional hypotheses concerning AD-related physio-

pathological processes. As an example, the brain areas with the most important Aβ 

deposition are different from those affected by neurofibrillary tangles (NFT) formation 

and neuronal death; moreover, evidence taken from a cohort of 107 patients with MCI 

and confirmed AD, suggested that the symptoms only arise in concomitance of elevated 

tau protein phosphorylation 37,38. Tau protein is encoded by a gene located on 

chromosome 17 and, after alternative splicing of exon 2,3 ad 10, six possible isoforms, 

each composed of 352-441 amino acidic residues, can be obtained. Tau protein is a major 

member of Microtubules Associated Proteins (MAPs), able to bind with tubulin dimers 

and promote their subsequential association and dissociation, thus allowing neurons to 

maintain their axonal structure and polarity, and to guarantee organelles and signalling 

molecules transport 39.  Tau proteins are composed of an N-terminus and a C-terminus 

part, the latter of which contains repeated sequences that constitute the microtubules 

binding region (MTBR) 40. Normally, tau protein’s biological activity strictly depends on 

its degree of phosphorylation: in its non-phosphorylated form is extremely soluble, 

flexible and seems to promote synaptic activity and neuronal growth 41. However, 

different neurodegenerative diseases, defined as “tauopathies” among which also AD is 

listed, are characterized by an alteration of the phosphorylated residues as a consequence 

of the deregulation of kinases and phosphatases, the enzymes responsible for 

phosphorylation and dephosphorylation, respectively 40. The most important kinases in 

CNS are Glycogen Synthase Kinase-3β (GSK3β), Mitogen-Activated Protein Kinases 

(MAPK), Extracellular signal-regulated kinases 1 and 2 (Erk1/2) and c-Jun N-terminal 

kinases (JNK) 42. Among them, GSK3β plays a key role in tau phosphorylation, being 
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responsible for the phosphorylation of Serine (Ser)199, Threonine (Thr)231, Ser396, Ser400, 

Ser404 and Ser413 residues in paired helical filaments (PHF) that constitute pathological 

NFTs, as demonstrated in isolated tau protein from human AD brain 43. On the other side, 

tau dephosphorylating phosphatase (PP)2A activity was significantly lower in specific 

areas of brains isolated from AD patients 44. Increased tau phosphorylation and decreased 

dephosphorylation lead to an overall 3- or 4-fold level of hyperphosphorylation in AD 

patients compared to aged subjects with preserved cognitive function 45. Besides, tau 

protein isolated from AD patients is highly acetylated compared to healthy brains, 

possibly as a consequence of the altered acetylating activity of histone acetyltransferase 

p300 (p300 HAT) and cAMP-responsive element-binding protein (CREB)-binding protein 

enzymes 46. Abnormal acetylation is thought to promote tau cleavage and inhibits its 

ubiquitin-mediated turnover, thus leading to abnormal tau deposition and aggregation 46. 

However, the above-described tau alterations aren’t the only cause of filament 

aggregation, as evidence of physiological phosphorylation has been also found in healthy 

brains in absence of tauopathy, thus suggesting that additional mechanisms may interfere 

in the fibrillogenic process, which is slow and organized in sequential phases in which 

several mechanisms take part. As an example, an in vitro study using tau cDNA clones 

expressed in Escherichia coli demonstrated that the repeat sequences in short tau fragment 

may be mostly responsible for the whole protein aggregation 47; moreover, disulphide 

bridges among PHF monomers are preferentially formed under an oxidising 

environment, while polyanions seem to significantly accelerate the polymerization phase 

48. Besides, a recent cryo-electron microscopy (cryo-EM) study using 3.4-3.5 Ångstrom 

resolution demonstrated that in brains isolated from an AD-deceased patient, two 

filaments containing 306-378 residues of tau protein assemble in a cross-β/β-helix, thus 

clearing the path for subsequential further tau aggregation 49. Based on this evidence, 

several attempts to develop an effective AD therapy by targeting tau protein are currently 

ongoing. Specifically, tau-targeting drugs can be divided into PP2A activators, such as 

memantine, GSK3β inhibitors, such as tideglusib, aggregation inhibitors and microtubule 

stabilisers that have been or currently are under investigation in clinical trials, with 

modest and unclear results 50. Thus, other pharmacological approaches are currently 

under investigation. Among them, active immunization showed promising evidence by 

reducing tau deposition in preclinical models, but several adverse immune reactions have 

been recorded 51. However, a randomized Phase II clinical trial was recently concluded, 

showing that the active peptide vaccine AADvac1 administered in patients with mild AD-
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related dementia was well tolerated and able to induce antibodies production, despite no 

significant effects on cognitive function were recorded 52. Passive immunization, on the 

other side, represents a possible solution, as the mAbs guarantee a lower risk of 

immunological adverse effects and greater target specificity. Among them, BMS-986168, 

able to recognize the 9-18 residues on the amino-terminal tau fragment, and RO7105705, 

able to recognize phosphorylated Ser409 on tau protein were tested in phase I and II 

clinical trials, furtherly interrupted as they didn’t meet the primary outcomes related to 

efficacy. Other mAbs, such as LY3303560 (NCT03518073) and JNJ-63733657 

(NCT04619420) are currently under investigation in early-phases clinical trials in patients 

with prodromic AD.  

1.2.3 Genetic hypothesis 

AD is generally considered a polygenic disorder; the evidence that mutations in 

three genetic sequences encoding for APP, Psen1 and Psen2 are directly related to 

autosomal dominant AD 14 lead to an increased effort to investigate further genic 

alteration that may concur to its pathogenesis. APP, Psen1 and Psen2 combined mutations 

are responsible for about 11% of all EOAD cases, and only 0.6% of all LOAD cases 53; 

moreover since the APP encoding gene is located on chromosome 21, patients with 

Down’s syndrome are more prone to develop AD-related Aβ deposition 54. Consistently, 

duplication of APP encoding gene is associated with autosomal dominant AD 55, while a 

rare mutation in its sequence, known as “Icelandic mutation” is protective 56. In this 

context, a French study on a large cohort of patients with EOAD demonstrated that 

mutations in APP encoding gene were present in about 26% of patients and Psen1 and 

Psen2 in 67% and 7%, respectively 57. Concerning LOAD, studies conducted in twins 

showed a heritability of the disease ranging from 60% to 80% 58, and about 27% of which 

can be attributed to apoE isoform Ɛ4 59, currently considered the major genetic risk factor 

for LOAD. Specifically, apoE is an apolipoprotein whose involvement in lipid metabolism 

and transport will be extensively treated in the forthcoming paragraphs. ApoE can be 

found in three different isoforms, as a result of polymorphisms in its encoding gene thus 

resulting in amino acid substitution:  in the most common isoform, apoE Ɛ3, a cysteine 

and arginine residues are located in position 112 and 158, respectively, while apoE Ɛ4 is 

characterized by arginine in both residues and apoE Ɛ2, the least common isoform, by 

cysteine in both residues. Concerning apoE Ɛ4, the amino acid substitution leads to a salt-

bridge formation between Arginine61 residue and Glutamine255 residue, with 
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consequent higher interaction between N-terminal and C-terminal protein region, 

otherwise separated in apoE Ɛ2 and Ɛ3 60, thus affecting apoE structure and function. 

Corder and co-workers demonstrated that the Ɛ4 isoform in heterozygosis is associated 

with a 2-4-fold risk to develop AD, while its presence in homozygosis furtherly increases 

this risk up to 8-12-fold. On the other side, Ɛ2 isoform is associated with a lower AD risk 

60. In this complex picture, genome-wide association studies (GWAS) helped to identify 

genetic variants such as single nucleotide polymorphisms (SNPs) associated with AD. The 

most recent one, analysed 94437 patients with LOAD, confirmed 20 previously known 

risk loci, such as PICALM, BIN1, CD2AP, CLU, ABCA7, SORL1, CD33, TREM2, HLA and, 

above all, APOE, and also identified 5 new risk loci (IQCK, ADAM10, ACE, ADAMTS1, 

WMOX), all involved in synaptic functionality, Aβ and tau processing, inflammation and 

lipid metabolism 61. The identification of risk loci for AD is extremely important, given the 

complexity of its pathogenesis, which is still partially unknown, as it may help in 

identifying new disease-related mechanisms and new targets for therapies and to 

establish individual polygenic hazard scores 62.   

1.2.4 Cholinergic hypothesis 

The cholinergic hypothesis is based on three main pillars. First, in severe AD-

related neurodegeneration the nucleus basalis of Meynert (NBM), one of the main cortical 

cholinergic sources with different cortex projections, undergoes atrophy 63; second, 

presynaptic cholinergic lesions have been found in the cerebral cortex of AD patients  64; 

third, cholinergic agonists may positively affect memory 65. Acetylcholine (Ach) 

represents the most relevant cortex, basal ganglia and basal forebrain neurotransmitter, 

acting on postsynaptic nicotinic and muscarinic receptors. In this regard, studies upon 

human post-mortem brain autopsies revealed a diminished number of nicotinic receptors 

66. Ach is involved in different fundamental cerebral functions, such as the 

synchronization of brain activity, neuroplasticity induced by experience, and connectivity: 

indeed, the stimulation of rat NBM lead to cortical remodelling and modulation of 

sensory map 66 and stimulated cerebral perfusion 67, thus affecting both cerebral 

neuroplasticity and haemodynamic. Interestingly, cholinergic alterations play a complex 

but established interaction with many typical AD-related hallmarks, such as Aβ 

deposition, NFT formation and neuroinflammation. Indeed, NFT deposition is probably 

the causing phenomenon leading to loss of cholinergic neurons in the NBM, the most 

sensitive area to neurofibrillary degeneration, as demonstrated by immunohistochemical 
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analyses on post-mortem AD brains compared to those of healthy controls 68. Concerning 

Aβ deposition, Beach and co-workers found that choline acetyltransferase activity, the 

enzyme involved in Ach synthesis, was lower in presence of high Aβ deposition in post 

mortem brain of cognitively impaired subjects 69. These observations were also supported 

by evidence in preclinical studies: as an example, the experimental induction of 

cholinergic lesions with murine p75 saporin in amyloid-prone APPswe/PS1dE9 mice lead 

to an increase in Aβ deposition and tau phosphorylation, also reflected by alteration in 

memory function 70. In addition, several experimental evidence points to an anti-

inflammatory effect derived by the stimulation of the α7 nicotinic receptor, probably as a 

consequence of the downregulation of nuclear factor kappa-light-chain-enhancer of 

activated B cells (NFκB) pathway 71. Finally, concerning apoE isoforms, the main genetic 

risk factor for AD predisposition, it has been recently demonstrated that transgenic mice 

expressing human apoE ɛ4 isoform were characterized by cholinergic alterations in the 

hippocampal compensatory sprouting process 72, thus opening a new investigation field 

to clarify the exact molecular mechanisms. Starting from these observations, different 

therapies aiming at increasing Ach in the deficient brain areas and also inhibiting its 

degradation have been developed and currently represent one of the few FDA-approved 

drugs for AD. Among them, acetylcholinesterase inhibitors such as donepezil, 

rivastigmine and galantamine are able to promote a modest but consistent improvement 

in cognitive functions and slow decline compared to placebo-treated AD patients, as 

reported by a meta-analysis of 26 double-blind randomized controlled trials (RCT) 73.  

1.2.5 Inflammatory hypothesis 

In the complex interplay between the pathological events of AD, involving Aβ and 

NFT formation, neuroinflammation seems to play a significant role, thus concurring to 

neurodegeneration. Microglial cells and astrocytes represent the main brain immune 

effector cells and, as demonstrated by a seminal work upon transgenic mice expressing 

green fluorescent protein (GFP) in resident microglia, they preside CNS immune 

surveillance 74. Specifically, neuroinflammation refers to CNS inflammation, caused either 

by pathogens or by pathological conditions such as trauma, ischaemia, with rapid release 

mainly by microglia and astrocytes of pro-inflammatory such as interleukin (IL)-1β, IL-6, 

tumour necrosis factor (TNF), different chemokines and reactive oxygen species (ROS) 75, 

that may lead to synaptic loss and neuronal death 76. All these pro-inflammatory 

molecules furtherly stimulates microglial inflammasome accumulation, leading to a 
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vicious circle 77. As an example, IL-1β infusion in rats is associated with a reduction in 

synaptic connections as a consequence of the prostaglandin E2 release, with consequent 

presynaptic glutamate release and NMDA activation 78. Neuroinflammation also implies 

the activation of the complement system, mainly of C3 protein, that exacerbates the 

phagocytic activity of microglia and, if not controlled, may engulf synaptic material, as 

demonstrated in  AD-mutant hAPP Tg mice 79. Finally, together with pro-inflammatory 

cytokines secretion, activated microglia also produces anti-inflammatory mediators, such 

as IL-1 receptor antagonist, IL-4 and IL-10 and upregulates its phagocytic activity, in 

order to dampen excessive inflammation. However, in neurodegenerative disease this 

process is defective and neuroinflammation becomes a chronic condition 75. Concerning 

AD, it has been widely described a strong connection between neuroinflammation and 

pathology 80. Data obtained through in vivo brain imaging in transgenic AD-prone mice 

(APPKM670/671NL and PS1L166P) with microglial cells overexpressing GFP, revealed a rapid 

and dramatic microglia activation and proliferation in presence of Aβ deposition, that, 

however, isn’t able to completely remove the deposits 81. In this context, Toll-like 

receptors (TLRs), belonging to the Pattern Recognition Receptors (PRRs) play a great role 

in innate immune activation. In mammals, at least 10 TRLs have been identified, each 

with a distinct function and ligand selectivity, despite their structural similarity. The 

binding of TLRs to their specific ligand promotes the transduction of an intracellular 

signalling cascade, that can be classified as myeloid differentiation primary response gene 

88 (MyD88)-dependent or TIR domain-containing adaptor-inducing interferon (IFN)-β 

(TRIF)-dependent pathway. The MyD88-dependent pathway involves the NF-κB 

activation through  IκB kinase (IKK) complex and mitogen-activated protein kinase 

(MAPK) phosphorylation, leading to pro-inflammatory cytokines and chemokines 

secretion 80. Similarly, TRIF-dependent signalling leads to NF-κB activation and IFN-β 

induction through the engagement of a different signalling pathway which involves 

tumour necrosis factor receptor-associated factor (TRAF)6 and transforming growth 

factor-β-activated kinase (TAK)1 82. Interestingly, in this regard, immunostaining of brain 

slices of APP TgCRND8 AD-prone mice revealed an increased expression of innate 

immune receptors, such as CD14, mainly localized near Aβ cerebral deposits 83 and, 

similarly, Walter and co-workers recorded an increased TRL4 mRNA in the same 

experimental model, furtherly confirmed by a parallel Aβ-associated increase in TRL4 

expression in the entorhinal cortex of AD patients 84. Consistently, a polymorphism in the 

TRL4 encoding gene caused by an adenine to guanine substitution, leading to aspartic 
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acid replacement instead of glycine in position 299 (Asp299Gly) is associated with a 

reduction in LOAD risk (-2.7 fold), probably as a consequence of a reduction in TLR 

ability to promote neuroinflammation 85. The molecular mechanism explaining the innate 

immune activation in AD has been proposed by Stewart and co-workers using both in 

vitro and in vivo mouse models and demonstrating for the first time that Aβ is recognized 

by scavenger receptor CD36 in microglial cells, thus promoting the heterodimerization of 

TLR4 and TRL6 with the consequent engagement of both MyD88- and TRIF-dependent 

pathways and release of many pro-inflammatory mediators such as chemokines, 

cytokines, nitric oxide (NO) and ROS 86. Notably, it has been previously demonstrated in 

transgenic PS1/APPsw mice that the amount of pro-inflammatory cytokines, including 

IL-1β, IL-6 and TNF-α, is strictly dependent on the burden of Aβ deposition 87. TRL-

dependent signal transduction seems to be also involved in neuronal apoptosis, as 

suggested by the evidence that conditioned media derived from Aβ-treated microglia lead 

to hippocampal neuron death 84. In addition, activated microglia may recognize Aβ-

damaged neurons, thus promoting their apoptosis through a CD14-dependent 

mechanism 88, probably as a consequence of the recognition of neuronal Aβ-induced 

phenotypic alterations. Another interesting aspect concerning neuroinflammation is 

related to the regulation of the Wnt pathway that has recently become a research hotspot, 

as Wnt in CNS is involved in the development of BBB, vascular protection and immune 

surveillance 89,90. Specifically, upon Wnt canonical pathway activation, microglial cells 

switch from a “resting” to acquire an activated pro-inflammatory phenotype with high 

phagocytic ability, which is thought to play a great role in AD development, as the in vivo 

stimulation of Wnt pathway in AD-prone mice is associated to improvement in both 

behavioural assays and low Aβ deposition 91. However, Aβ seems to induce β-catenin 

phosphorylation and degradation, thus blocking the Wnt pathway, despite to date no 

direct evidence about the molecular mechanisms are available 92. In addition, tau protein, 

which in physiological conditions is involved in β-catenin binding and stabilization, upon 

hyper-phosphorylation loses this ability, with consequent damage to Wnt protective 

pathway 93. Hence, the dysfunction of Wnt pathway, together with the increasing Aβ 

deposition, may lead microglial cells to secrete increasing concentrations of pro-

inflammatory mediators while failing in phagocytosing Aβ 90.  
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1.2.6 Other hypotheses 

The multifactorial nature of AD also implies other coexisting hypotheses, based on 

clinical and anatomopathological evidence, the most relevant of which will be discussed 

in the present paragraph. 

The vascular hypothesis is based on the evidence that cerebral amyloid angiopathy 

(CCA), characterized by Aβ deposition within cerebral vessels and meninges with a 

further reduction of the internal diameter, is one of the most typical events associated 

with AD, with an estimated incidence of 70-97% 94,95. The proposed two-step mechanism 

is that the initial vascular dysfunction, to which several risk factors such as hypertension, 

diabetes and dyslipidaemia may contribute, leads to a series of pathological processes 

including BBB and neurovascular unit (NVU) dysfunction, lower blood flow and 

neuronal death 96. All these events may affect the correct Aβ clearance, thus leading to an 

accelerated deposition, as demonstrated in a cohort of cognitively impaired AD patients 

compared to healthy age-matched controls 97. Interestingly, Aβ1-40 peptide seems to be 

highly associated with CAA, while Aβ1-42 with AD development 98. In particular, NVU is 

an anatomic district composed of brain cells such as microglia, astrocytes, 

oligodendrocytes, neurons, and pericytes, smooth muscle cells and brain endothelial cells, 

and is involved in maintaining BBB functionality, cerebral blood flow and neuronal 

sustainment 99. Interestingly, a strong derangement of hippocampus and cortex pericytes’ 

number and coverage has been reported by immunohistochemical analyses upon post-

mortem brain tissues of AD individuals 100. Notably, AD apoE Ɛ4 carriers showed 

accelerated pericytes dysfunction and BBB breakdown compared to AD apoE Ɛ3 subjects, 

thus suggesting a direct role of apoE Ɛ4 in vascular protection 101.  

Mitochondrial dysfunction represents another compelling hypothesis in AD pathogenesis 

and arises from the evidence that mitochondrial DNA (mtDNA) inheritance is strictly 

maternal and subjects with cases of AD in their maternal lineage are characterized by 

lower brain glucose and oxygen metabolism, higher PET PiB signs compared to 

individuals with a paternal history of AD 102. Consistently, different studies conducted in 

cohorts of AD patients demonstrated an altered glucose metabolism in specific brain 

regions, such as in the temporoparietal cortex, resulting in lower 18-FDG uptake which is 

currently considered a specific diagnostic tool for AD 103,104. Together with glucose 

metabolism, also oxygen consumption has been reported as altered in AD: a study 
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conducted upon 19 post-mortem AD brains highlighted a higher reduction of cytochrome 

oxidase activity in the frontal and temporal cortex compared to those of 30 controls, which 

may be associated with low ATP levels and increased ROS production 105. Different 

studies performed in animal models suggested a direct involvement of mitochondrial 

dysfunction in Aβ and tau deposition. As an example, the administration of sodium azide, 

a complex IV inhibitor, in rats is associated with tau hyperphosphorylation and NFT 

deposition, neuronal loss and cognitive impairment 106, while rotenone treatment, a 

complex I inhibitor, is associated with high tau protein deposition in neurons, astrocytes 

and oligodendrocytes in rats 107. Similarly, it has been demonstrated that the in vitro 

treatment of PC12 cells with Aβ is associated with inhibition of respiratory chain 

complexes I, III and IV, mitochondrial membrane depolarization and lower oxygen 

metabolism 108. In addition, Aβ seems to negatively affect mitochondrial functionality by 

dysregulating also fission and fusion processes; as proof of that, post-mortem brain 

immunohistochemical analyses of M17 cells isolated from AD-prone APPswe mice 

revealed an increase in Dynamin-1-like protein (Drp1) and Opa1 and decrease in 

Mitochondrial fission 1 protein (Fis1) compared to control mice, with consequent lower 

mitochondrial fragmentation and abnormal mitochondrial distribution along neuronal 

axons, thus possibly leading to neuronal dysfunction 109. In addition, a study performed in 

a triple transgenic mouse model characterized by contemporary Aβ deposition and tau 

protein hyperphosphorylation, suggest a putative synergistic action of these two 

pathological events in mitochondrial dysfunction, as highlighted by strong ROS 

production and altered functionality of the respiratory chain 110. 

1.3 CLINICAL MANIFESTATION 

AD is characterized by worsening cognitive decline, with loss of episodic memory, 

difficulty in remembering objects’ and peoples’ names, disorientation and visuospatial 

deficits, leading to a reduced ability to orientate in familial spaces. In addition, patients 

show progressive language decline, with paraphrastic errors and difficulties to find words 

and formulate long sentences 111. AD is also accompanied by neuropsychiatric, sleep and 

behavioural changes, with signs of depression, withdrawal from social activities, maniac 

and executive changes, usually accompanied by psychomotor agitation, hallucinations, 

with the progressive inability of self-care 112. As stated before, the prodromal phase of the 

disease is characterized by MCI. Altogether, about 15-20% of people older than 64 years 

present MCI and, among them, about 15% will furtherly degenerate into AD dementia. 
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The transition from MCI to overt AD occurs in case of new difficulties in accomplishing 

instrumental activities of daily living (iADLs), also associated with additional cognitive 

alteration which cannot be explained by a parallel alteration in patients’ health 113.  

1.4 ANATOMOPATHOLOGICAL ALTERATIONS 

The most characteristic feature of AD is the deposition and accumulation of Aβ 

plaques outside neurons, together with NFT of protein tau inside neurons, ultimately 

leading to neuritic plaque and neuronal death with subsequent brain atrophy, gliosis and 

inflammation due to microglia activation 114,115.  In addition, AD patients usually show 

signs of α-synuclein deposition, transactive response DNA binding protein 42 kDa (TDP-

42) hyperphosphorylation and microinfarcts 116. Functional loss is mainly localized in the 

cerebral cortex and specific subcortical areas, such as the hippocampus, involved in 

memory function 117. All these brain alterations may start years before the cognitive 

impairment is noticed and are currently considered AD biomarkers, important to support 

AD diagnosis, especially when patients show atypical signs, or for differential diagnosis 

with other dementia-related diseases 118. The pathologic alterations are reflected by a 

decrease in CSF Aβ1-42 and an increase in p-tau concentration, as a consequence of higher 

Aβ plaque deposition and NFT density, with subsequent neuronal degeneration 119. 

Additionally, amyloid PET scans help in the confirmation of Aβ plaques density, using 

different tracers such as Pittsburgh Compound B (PiB), Amyvid (18F-Florbetapir), 

Vizamyl (18F-Flutemetamol) and Neuraceq (18-Florbetaben), currently approved by both 

FDA and EMA 120. Additionally, tau and synapse PET scan may be helpful to confirm AD 

diagnosis, while hippocampal and parietal atrophy can be assessed through magnetic 

resonance imaging (MRI) and temporoparietal hypometabolism, all typical features of 

AD, though 18-fluorodeoxyglucose (18-FDG) PET 121. Other biomarkers, currently used 

for research purposes include early biomarkers of blood-brain barrier (BBB) damage 122 

and vascular dysfunction 123. Additional blood and CSF markers of synaptic loss and 

neuronal injury, useful to monitor patient’s cognition, have been recently approved by 

FDA 117.  
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2. CHOLESTEROL IN CENTRAL NERVOUS SYSTEM 

Since its first identification in 1769  in human gallstones, cholesterol involvement 

in many physiological and pathological processes still represents a matter of extensive 

investigation. Chemically, unesterified cholesterol (C27H46O) is a hydrophobic sterol that 

is ubiquitously present in all eukaryote organisms, where it acts as a signalling molecule, 

being involved in the regulation of a plethora of cellular processes, including membrane 

permeability, fluidity and functionality, gene transcription and protein localization 124,125. 

Cholesterol is also involved in the biosynthetic pathway of different steroid hormones 

and vitamins, such as Vitamin D, and, finally, takes part in the regulation of body 

development and growth 124. Focusing on central nervous system, despite the brain’s 

relatively low weight compared to the whole bodily mass (about 2.1%), free cholesterol 

accounts for about 23% of the whole human pool (approximately equal to 490mg/kg) 126. 

The reasons for this disproportion are probably a consequence of the fundamental role 

that cholesterol plays in CNS. The vast majority of brain cholesterol is indeed localized 

into oligodendrocytes’ myelin sheets, where it acts as a hydrophobic membrane 

surrounding neurons‘ axons, thus helping to increase the speed of electrical conduction. 

Hence, the disruption of this structure occurring in demyelinating diseases such as 

multiple sclerosis (MS), is associated with an alteration in neurotransmitter transduction 

127. Other than the structural maintenance of myelin sheets, cholesterol plays a great role 

in the regulation of brain physiology, representing a limiting factor for synaptogenesis, 

neuronal differentiation and plasticity. In vitro studies, indeed, demonstrated that apoE-

bound cholesterol is essential for synaptogenesis in purified retinal ganglion cells 128. 

Consistently, primary cultures of cortical and hippocampal neurons treated with BDNF, a 

well-known neurotrophin involved in synapses development and regulation, long-term 

potentiation and neuronal plasticity, are characterized by a strong increase in cholesterol 

biosynthesis 129. As a matter of fact, neuronal pre- and post-synaptic areas are rich in lipid 

rafts, hence highlighting its fundamental role in neuronal functionality 130. Notably, lipid 

rafts are small membrane microdomains extremely rich in cholesterol and other lipid 

subclasses involved in different fundamental cells’ functions such as signal transduction. 

Lipid rafts alterations have been indeed described in different neurodegenerative 

diseases, including AD, MS, Parkinson’s disease and Huntington’s disease 131. Concerning 

synaptic function, an in vitro study showed that cholesterol is also involved in synaptic 

vesicles biogenesis and maturation, through the interaction with synaptophysin protein in 
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neurosecretory PC12 cell line 132. Moreover, cholesterol is essential for dendrite 

differentiation, as demonstrated in primary cortical neurons isolated from embryonic rats, 

in which cholesterol depletion was associated with a reduction in the number of dendrites 

133. Other relevant cholesterol functions in CNS are related to its ability to promote glial 

cell proliferation, microtubules stability and neurite outgrowth 133. Neuronal cholesterol 

depletion is associated with an impairment of essential neuronal functions: as an example, 

the reduction of cholesterol levels in cultured hippocampal neurons is associated with a 

reduction in vesicle exocytosis 134. Again, brain cholesterol depletion occurring in low-

density lipoprotein receptor-related protein 1 (LRP1) Knock-out mice leads to an 

impairment of glutamate receptor subunits NMDAR1 and glutamate receptor 1 (GluR1), 

with consequent synapses impairment 135.  

FIGURE 1 

 
Figure 1. Schematic representation of brain cholesterol homeostasis in CNS. Peripheral and cerebral cholesterol 
pools are separated due to the presence of BBB, that allows only the passage of spherical HDL. In brain, 
cholesterol is mainly synthesized in astrocytes in a multi-step mevalonate pathway, then secreted in CSF, 
though an active process, forming discoidal lipoprotein particles containing mainly apoE and finally delivered 
to neurons. Excess cholesterol is converted into 24-hydroxycholesterol (OHC), that plays a significant 
regulatory role. 24-OHC is able to cross the BBB to be finally eliminated into the circulation. On the other side, 
27-OHC is produced by peripheral tissues but there is a net flux from circulation to the brain, through the 
BBB. 136 
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2.1 CHOLESTEROL HOMEOSTASIS 

Cholesterol levels in SNC require a fine regulation; indeed, cholesterol deficiency 

can compromise correct brain development and function 133, but also cholesterol excess is 

associated with neurotoxicity. As an example, neuronal cholesterol accumulation is 

associated with NMDA-mediated excitotoxicity 137 and with an increased Aβ deposition 

due to the increased activity of γ-secretase 138. Again, excess cholesterol leads to 

mitochondria dysfunction, with consequent ROS overproduction and, finally, several 

experimental evidence point to possible cholesterol- and 25-hydroxycholesterol (25-

OHC)-dependent microglia activation, leading to neuroinflammation 139. For these 

reasons, cellular cholesterol homeostasis is finely regulated through the concerted activity 

of different sterol-sensing mechanisms. 

Liver X Receptors (LXRs) are transcription factors ubiquitously expressed, belonging to 

the superfamily of nuclear receptors and, since their discovery in the 1990s, their central 

role in cholesterol homeostasis, inflammation, immunity and several endocrine-related 

processes has been proposed 140. Specifically, two LXRs isoforms have been identified: 

LXRα and LXRβ, respectively encoded by two distinct genes localized on chromosome 19.  

The first evidence connecting LXRs to cholesterol metabolism came from LXR-deficient 

mice, characterized, after cholesterol dietary intake, by the complete inability to induce 

the expression of CYP7A1 encoding gene, involved in cholesterol conversion into bile 

acids and subsequent excretion 141. A series of experimental evidence supported the 

pivotal cholesterol-sensor activity of LXRs, demonstrating that LXRs are not only CYP7A1 

promoters but are also involved in the up-regulation of ATP Binding Cassette (ABC) G5 

and ABCG8, involved in cholesterol efflux in bile 142, and in the up-regulation of genes 

involved in cholesterol efflux, such as ABCA1, ABCG1 and ABCG4 143,144 and in the 

reverse cholesterol transport (RCT) from peripheral tissues to liver 145. In general, nuclear 

receptors are characterized by a DNA-binding domain (DBD) and, concerning LXRs, their 

two zinc-finger internal structure is able to recognize and bind to a specific sequence 

called LXR Responsive Element (LXRE; composed by two AGGTCA cores with four 

nucleotides) in genes’ promotor region 146. Another important feature is related to the C-

terminal domain, able to dimerize with Retinoid X Receptor (RXR) 147. Different 

experimental procedures were adopted to identify LXRs endogenous ligands, originally 

defined as “orphan receptors”. Oxysterols, mainly 22(R)-hydroxycholesterol, 24(S),25-

epoxycholesterol, 27-hydroxycholesterol (27-OHC) and desmosterol, currently known as 
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one of the major LXRs ligand 148, were first identified as LXRα ligands following the 

screening of about 70 molecules, using a high throughput co-transfection assay in CV-1 

monkey kidney cells 149. LXRs are physiologically bound to LXRE, thus recruiting co-

repressors molecule that maintains chromatin in a compacted state through the activity of 

histone deacetylase enzyme. Following the interaction between the ligand and LXRs, a 

conformational change in its tertiary structure leads to its trans-activation, with the 

release of co-repressors, with parallel binding of co-activator and consequent epigenetic 

modifications to chromatin, thus inducing the transcription of target genes 140. LXRs also 

possess a well-documented anti-inflammatory activity, as suggested by a strong decrease 

in pro-inflammatory mediators such as IL-1β, IL-6 NO in human peripheral blood 

monocytes after exposure to LXR/RXR agonists 150. Interestingly, it has been proposed a 

different LXRs’ activation mechanism, which involves small ubiquitin-like modifier 

(SUMO) proteins: in astrocytes, as an example, LXRs SUMOylation seems to inhibit the 

binding of signal transducer and activator of transcription 1 (STAT1) to specific promoters 

151. This proposed mechanism represents a matter of debate, as an in vivo study upon a 

mouse model of peritonitis suggests a canonical LXRs activation 152. However, despite the 

debated mechanism, all this experimental evidence suggest the important connection 

between lipid homeostasis and neuroinflammation, which deserves further investigation. 

Indeed, LXRs can regulate brain cholesterol homeostasis through different mechanisms. 

First, LXR activation is associated with an increased expression of Inducible Degrader of 

the LDL receptor (IDOL), which promotes the degradation of Low-density lipoprotein 

receptor (LDLR), very low-density lipoprotein receptor (VLDLR) and apolipoprotein E 

receptor 2 (ApoER2) through its E3 ubiquitin ligase activity, as demonstrated by both in 

vitro and in vivo evidence 153. Thus, LXRs seem to be involved in the down-regulation of 

exogenous cholesterol uptake, thus exerting a relevant neuroprotective role against excess 

cholesterol. Second, the in vivo mice treatment with a synthetic LXR agonist, T0-901317, is 

associated with an increased expression of ABCA1, ABCG1 and apoE, all involved in 

cholesterol efflux. This observation was also confirmed in Chinese hamster ovary (CHO) 

cells 154. As a consequence, the increased cholesterol efflux and apoE secretion from 

astrocytes induced by LXR activation may enhance cholesterol supply to neurons 155. 

Additionally, LXRs may exert a protective role against neuroinflammation: in a mouse 

model of intracerebral haemorrhage, indeed, the administration of T0-901317 leads to a 

significant reduction of cognitive deficits, brain oedema, accompanied by a reduction in 

neuronal death, BBB damage and markers of microglial-mediated inflammation, such as 
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JNK, MAPK and NF-κB 156. In addition, in cultured SH-SY5Y neuroblastoma cells, the 

treatment with exogenous neuroprotective BDNF leads to a reduction in cholesterol 

uptake, as a consequence of increased LXRs expression, thus highlighting once again the 

protective role of LXRs in avoiding excess neuronal cholesterol accumulation 157.  

Transcription factors Sterol Regulatory Element Binding Proteins (SREBPs) are helix-loop-

helix leucine zipper proteins that can be found as SREBP1a, SREBP1c and SREBP2, all 

synthesized in ER membrane, where the C-terminus interacts with the sterol-sensing 

protein SREBP cleavage-activating protein (SCAP) 158. Specifically, SREBP2 is synthesized 

by the Srebf2 gene, while SREBP1a and SREBP1c are two different isoforms encoded by the 

Srebf1 gene 159 and have been extensively studied in hepatic and adipose tissue 

metabolism. When the intracellular cholesterol levels are low, SCAP promotes the 

translocation of SREBPs from the ER to the Golgi apparatus, for their processing through 

site 1 (S1P) and site 2 (S2P) proteases, releasing the mature SREBPs form, thus able to 

furtherly translocate to the nucleus and bind to the sterol regulatory elements (SREs) on 

the promoter sequence of target genes involved in the synthesis of cholesterol, 

triacylglycerol, phospholipids and fatty acids (FA) 158. On the other side, in presence of a 

sustained intracellular cholesterol pool, SCAP/SREBPs are tightly bound to ER 

membrane, thus preventing SREBPs proteolytic activation 158. Indeed, cholesterol directly 

binds to the SCAP sterol-sensing domain, thus changing its conformation and preventing 

its binding with the COPII proteins; as a consequence, SREBPs are no longer transported 

into Golgi for their further activation 158. Insulin-induced gene (Insigs; Insig-1 and Insig-2) 

are ER proteins able to bind to SCAP and Hydroxy-3-methylglutaryl-CoA (HMGCoA) 

reductase enzyme in presence of high intracellular cholesterol pools, thus emphasising the 

SCAP/SREBP and HMCGoA reductase retainment into the ER and inhibiting 

intracellular cholesterol synthesis 158. Noteworthy, once activated, SREBP promotes Insig-1 

mRNA transcription, thus acting in its own negative regulation 158. Several experimental 

evidence suggests that SREBPs are involved in brain cholesterol homeostasis, also 

reinforced by the relevant role that cholesterol plays to maintain correct cerebral function, 

as discussed in paragraph 2. Nevertheless, a pathological alteration in brain cholesterol 

biosynthesis has been described in different neurodegenerative diseases and, in this 

regard, recent work demonstrated that the gene therapy providing an intra-striatal 

injection targeting astrocytes with a recombinant adeno-associated virus 2/5 (AAV2/5) 

carrying the activated human SREBP2 is associated with an amelioration of synaptic 
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function and behavioural abilities in mice 160. The relevance of SREBP-mediated signalling 

in astrocytes for proper neuronal sustenance is also highlighted by the observation that 

SCAP deletion in astrocytes resulted in a reduction in cholesterol and phospholipids 

efflux in vitro, accompanied by a reduction of synapses and hippocampal plasticity in 

SCAP KO mice 161. Interestingly, the genetic deficiency of SREBP1c in mice is associated 

with an altered, schizophrenic-like behaviour compared to WT controls 162, probably 

justified by a differential hippocampal expression of 7 genes 163. Among those, they 

identified a decrease in glucagon-like peptide 2 receptors (GLP2R) expression, involved in 

neurogenesis and neuronal plasticity, and in necdin expression, involved in neuronal 

survival and differentiation 163. In addition, the same experimental group also observed 

poor learning and memory ability in SREBP1c-KO mice, together with an impairment in 

hippocampal dendritic length and complexity, and in dendritic spine density, thus 

possibly explaining the behavioural abnormalities 164. Concerning SREBP1a, Spell and co-

workers identified a SNP, namely G→ΔG, in the 5’ untranslated region (UTR) of SREBP1a 

encoding sequence associated with a lower incidence of AD in apoE Ɛ4 carriers compared 

to apoE Ɛ4 carriers with the wild-type SREBP1a form, thus acting as a protective factor 165, 

probably as a consequence of its involvement in cholesterol metabolism, despite the exact 

mechanisms still need to be clarified. Finally, concerning SREBP2 expression and 

involvement in CNS homeostasis regulation, it has been confirmed its expression in both 

primary astrocytes, microglia and hippocampal neurons; moreover, its processing and 

activation are stimulated after ABCG1 or ABCG1 overexpression, paralleled by a decrease 

in intracellular cholesterol pool 166.  

2.2 CHOLESTEROL BIOSYNTHESIS 

Given the relevance of cholesterol in CNS, its pool needs to remain constant, with 

a tight regulation between cholesterol degradation, excretion and its de novo biosynthesis, 

aiming in supplying new bioactive sterols to astrocytes and neurons plasma membrane. 

Brain is a conserved district separated from the rest of the body due to the presence of 

intact BBB, whose endothelial cells, unlike those localized in other bodily capillary beds, 

don’t present fenestrations, trans-endothelial vesicular transport and, on the other side, 

are characterized by extremely tight cell junctions and electrical resistance 135. Several 

studies upon different experimental settings, including sheep, rodents and also humans, 

investigated whether plasma lipoprotein may cross BBB, thus contributing to brain 

cholesterol pool, all demonstrating that BBB represents a very selective barrier that 
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doesn’t allow any net exchange of plasma lipoproteins, except for discoidal High-Density 

Lipoproteins (HDL), and neuronal cholesterol mostly derives from local synthesis 126,167. 

At a cellular level, endogenous cholesterol biosynthesis is a complex and energy-intensive 

process, that takes place in the ER, starting from two Acetyl-Coenzyme A (Acetyl-CoA) 

molecules condensed into HMG-CoA by HMG-CoA synthase. HMG-CoA reductase then 

furtherly promotes the conversion of HMG-CoA into mevalonate: this reaction represents 

the rate-limiting step in cholesterol biosynthesis and the pharmacological target of statins, 

the main cholesterol-lowering agents currently available 135. Mevalonate is then converted 

into 3-isoprenyl pyrophosphate, farnesyl pyrophosphate, squalene, lanosterol in 19-step 

condensation and oxidation reactions, finally leading to cholesterol formation 135. Brain 

cholesterol biosynthesis is an essential process taking place since the early phases of 

development and, as a demonstration of its relevance, the brain homozygous deletion of 

SCAP in mice, leading to a reduction in cholesterol biosynthesis, is associated with 

microcephaly, gliosis and postnatal mortality, while its heterozygous deletion is 

associated with a significant reduction in synaptic activity and cognitive alteration 168. 

However, the vast majority of newly-synthesized cholesterol is produced by 

oligodendrocytes during the myelination process, which takes place between the perinatal 

period and adolescence. The exact molecular mechanisms triggering the strong increase in 

brain cholesterol biosynthesis during this developmental phase are still poorly 

understood. Studies aiming at evaluating cholesterol biosynthesis in vivo demonstrated 

that in the first three weeks after birth, brain cholesterol concentration in mice greatly 

increases, ranging from 4 mg/g at birth to 12-13 mg/g, with about 250 µg of newly 

synthesised cholesterol per day 169. After this period, cholesterol biosynthesis strongly 

decreases, with only 25-35 µg per day 169. Moreover, different evidence suggests that 

endogenous cholesterol biosynthesis rate strongly depends on the specific brain area and 

correlates with the specific ultimate cholesterol concentration; as an example, the 

cerebrum is composed of 12 mg of cholesterol /g of tissue, the cerebellum of 14 mg/g, 

brainstem of 30 mg/g, mid-brain of 23 mg/g and the spinal cord of 38 mg/g. This 

experimental evidence suggests that cholesterol biosynthesis in the brain occurs locally to 

meet the requirements of the specific brain area 169. Interestingly, it has been proposed 

that the daily renewal rate of cholesterol in adult neurons accounts for about 20% 167, 

suggesting that active cholesterol biosynthesis in CNS is still required also during 

adulthood. Despite this need, it has been demonstrated that in primary adult rat neurons 

the endogenous cholesterol synthesis is not sufficient and only restricted to neuronal 
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somata, as well as their ability to up-regulate the synthetic pathway is extremely lower 

compared to primary rat astrocytes, suggesting that adult neurons may strongly rely on 

these latter cellular types for their cholesterol need 170. While the enzymatic reactions 

leading to endogenous cholesterol biosynthesis are common in all tissues, two different, 

interlinked and parallel processes have been proposed, namely the Kandutsch-Russell (K-

R) and the Bloch pathways. In this regard, Nieweg and co-workers described a specific 

pattern of post-squalene precursors in primary astrocytes and neurons, highlighting 

higher precursors of Bloch pathway, such as desmosterol, in astrocytes, and an increase of 

lanosterol, 7-dehydrocholesterol and lathosterol in neurons, suggesting that K-R pathway 

may be prevalent in these cells 170. Currently, the relevance of the specific precursors in 

the cholesterol biosynthetic pathway isn’t fully clarified; however, some experimental 

indications suggest that the higher presence of desmosterol in astrocytes may promote 

cholesterol efflux to extracellular acceptors such as apoE, due to its ability to activate 

LXRs 171. On the other side, specific neuronal cholesterol precursors such as lathosterol 

and 7-dehydrocholesterol may be involved in the stability of lipid rafts, thus contributing 

to synaptic activity 172. Moreover, adult neurons are characterized by an extremely low 

activity of lathosterol-metabolising enzymes such as 24-dehydrocholesterol reductase 

(Dhcr24), and cytochrome P450 family 51 (Cyp51), involved in cholesterol synthesis 

down-regulation. These two enzymes probably undergo a transcriptional regulation 

process during neuronal differentiation: at this regard, an in vitro study demonstrated a 

strong reduction in Dhcr24 expression in human mesenchymal cells furtherly 

differentiated into adult neurons 173. In this context, a recent study performed on primary 

cortical neurons and astrocytes isolated from dissected brain tissue of day 18 embryonic 

mice helped in clarify some element not yet fully known. By measuring several 

cholesterol biosynthesis intermediates during neuronal development trough Liquid 

chromatography–tandem mass spectrometry (LC-MS/MS), it was demonstrated that 

while neurons tend to accumulate newly synthesized cholesterol, astrocytes are more 

prone to secrete it. Moreover, they demonstrated that developing neurons preferentially 

synthesize cholesterol trough Bloch pathway and only during adulthood they switch to K-

R pathway, as demonstrated by the high intracellular concentration of desmosterol 

compared to adult neurons 174.  
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2.3 CHOLESTEROL TRANSPORT 

Central nervous system is divided by peripheral organs due to the presence of a 

competent barrier system, composed of BBB and blood-CSF barrier (BCSFB). Supporting 

the relevant separation between central and peripheric districts, an old, seminal study 

demonstrated that subjects that underwent liver transplantation expressed the donor’s 

peripheric apoE isoform while maintaining their isoform in CNS 175. Specifically, BBB is 

composed of endothelial cells within brain microvessels, organized in a sealed and 

organized cell-cell interaction with tight-junctions with occludins and claudins proteins, 

resulting in low transcellular and paracellular permeability and high electrical resistance 

176. Together with endothelial cells, also pericytes and astrocytes participate in BBB 

selective permeability, thus tightly regulating the passage of almost all the circulating 

molecules, except for those with high lipophilic properties or those having endothelial 

receptors or carriers that facilitate their CNS entrance 176. In addition to BBB, BCSFB, 

localized in brain ventricles and specifically in choroid plexus (CP) where CSF is 

produced, is an anatomical district characterized by a high vascularized stroma and 

connective tissue within epithelial and endothelial convolutes 177. Specifically, the stroma 

is composed of capillaries with fenestration of 60-80 nm diameter, and its ventricular side 

presents a monolayer of cuboidal epithelial cells and specific cells with high phagocytic 

activity 177. BCSFB is generally more permeable compared to BBB, due to the presence of 

less tight junctions between epithelial cells and due to the presence of a differential 

expression of transporters 178. In this regard, some experimental evidence suggests a low 

rate exchange of small HDL and some of their components 179, which will be furtherly 

discussed in the next sections. As an example, apolipoproteinA-I (apoA-I) bound to small 

and lipid poor HDL has been shown to be able to cross BBB in an in vitro experimental 

model 180. Concerning lipid transport through BCSFB, the available studies are currently 

limited. ApoA-I and apoA-II are present in CSF 181, despite not being produced by brain 

cells; consequently, BCSFB may be permeable to their passage. In this regard, it has been 

demonstrated that the in vivo injection of recombinant fluorescent human apoA-I in mice 

localizes in the CP 182. CSF is a colourless fluid mainly produced by CP (about 50% of the 

total production), while the remaining part originates from the ventricular ependymal-

derived interstitial fluid, with an average daily production of 600 ml 177. CSF production 

follows the stimulation of the autonomic nervous system and mainly depends on Na+, K+, 

Cl−, HCO3− and H2O aquaporin transporters creating an osmotic gradient that drives 
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water secretion 183. CSF exerts several protective structural, hydrodynamic, immunologic 

and metabolic functions 184. CSF, indeed, prevents collisions between brain and skull, 

maintains the correct electrolytic environment in CNS, supplies nutrients to glial cells and 

neurons, transports hormones, neurotrophic factors and neurotransmitters and, finally, 

removes catabolites and neurotoxic waste products through its convective exchange with 

interstitial fluid 184. Specifically, as peripheral and brain cholesterol pools are almost 

completely separated districts 185, and due to the poor ability of neurons to provide to 

their own cellular cholesterol need 170, brain cholesterol transport represents a 

fundamental aspect in brain homeostasis and relies on the cooperation of specific 

molecules, transporters and receptors (Figure 2). Briefly, cholesterol synthesized from 

astrocytes is complexed with astrocyte-secreted apoE, thus originating apoE-containing 

lipoparticles, through the interaction with ABCA1, ABCG1 and ABCG4 transporters and 

remodelling enzymes 186. Those particles interact with LDLR, LRP1, VLDLR and apoER2 

on neuronal surface 187, thus supplying their cholesterol need. 

FIGURE 2 

 
Figure 2. Schematic representation of brain cholesterol transport. Pictures have been created by combining images from Smart 

Servier Medical Art (https://smart.servier.com/). Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 
Unported License (https://creativecommons.org/licenses/by/3.0/). 

 

 

https://smart.servier.com/
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2.3.1. Lipoproteins 

The vast majority of the experimental investigations aimed at characterizing brain 

lipoproteins have been conducted so far on CSF, due to its relatively easy accessibility. 

CSF lipoproteins have been defined as “HDL-like particles”, due to their resemblance to 

plasma HDL for composition and size and, generally, their concentration in CSF is about 

1-10% compared to plasma lipoproteins 185. In this regard, Koch and co-workers isolated 

human CSF lipoproteins through affinity chromatography and observed that the main 

CSF lipoprotein fraction was composed of 12-20nm spherical particles bearing mainly 

apoE, but also apoA-I, apoA-IV, apoD, apoH and apoJ 185. The other classes of CSF 

lipoprotein are far less numerous and consists of 13-18nm lipoparticles that present apoA-

I and apoA-II, larger particles (18-22nm) characterized by apoA-I, apoA-IV, apoD, apoJ 

and finally small particles (10-12nm) with a low lipidic content, bearing apoA-IV, apoD, 

apoH and apoJ 185. In addition, small peripheric HDLs may enter CNS through scavenger 

receptor class B type I (SR-BI). SR-BI is involved in hepatic HDL-cholesterol uptake, but it 

has also been found expressed in brain capillary endothelial cells, where it mediates the 

selective uptake of HDL 188. Indeed, Fung and co-workers labelled HDL with a fluorescent 

dye, and, using high-resolution fluorescence microscopy on human cerebral cortex 

microvascular endothelial cells, observed that HDLs were internalized independently of 

caveolin, clathrin and scaffold protein Na/Pi Cotransporter C-Terminal-Associated 

Protein 1 (PDZK1), thus proposing transcytosis as a possible mechanism of HDL 

internalization through BBB 188. The mechanism that regulates the formation of brain 

nascent lipoprotein is not fully understood. Astrocytes are the main cell type involved in 

CSF and brain tissue lipoproteins synthesis and, in this regard, an in vitro study on 

cultured astrocytes lacking in turn apoE or apoJ, demonstrated their ability to secrete 

nascent discoidal lipoproteins with phospholipids, cholesterol, apoE and apoJ, with apoE 

representing the main actor in the normal secretion of these lipoproteins 189. However, in 

analogy with plasma HDL, nascent discoidal HDL undergo different remodeling 

processes, leading to the mature sperical lipoproteins isolated in CSF, despite the 

regulatory mechanisms are not fully clarified. Lecithin:cholesterol acyltransferase (LCAT) 

is a enzyme responsible for free cholesterol esterification, which is mainly sinthesized in 

liver. Interestingly, LCAT expression has also been found in astrocytes, where is 

responsible for the esterification of free cholesterol in nascent discoidal apoE-containing 

lipoproteins and consequently of lipoprotein maturation to larger and spherical particles 

185,190. As proof of that, in vivo LCAT deficiency in mice is associated with an increase in 
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apoE-HDL and a decrease in apoA-I-HDL in CSF 190. CSF LCAT concentrations have been 

estimated to be about 5% compared to those of plasma and, since the major LCAT plasma 

activator is apoA-I, it has been proposed that in CNS apoE-containing lipoproteins may be 

the main LCAT substrates 190. In plasma, also the Cholesteryl ester transfer protein (CETP) 

and phospholipid transfer protein (PLTP) play an important role in HDL remodelling and 

maturation. Albers and co-workers identified for the first time CETP expression also in 

human CSF (12% compared to plasma concentration) and in the conditioned media from 

human neuroblastoma and neuroglioma cells, thus suggesting that the synthesis of CETP 

occurs directly in the brain, where it seems to be involved in lipid-lipoprotein transfer, 

despite many aspects of its physiological role still need to be fully clarified 191.  

2.3.2. Apolipoproteins 

Apolipoproteins represent the lipoproteins’ proteic constituent, able to regulate 

their metabolism and, concerning CNS, about 10 apolipoproteins have been identified, 

either directly synthesised in situ, like apoE, or diffused from periphery to brain across 

BBB, like apoA-I 192. The most relevant apolipoproteins in CNS will be discussed in the 

following section.  

ApoA-I is a 28.1 KDa protein composed of 243 amino acids and it represents the main 

lipoprotein in plasmatic HDL, determinant for HDL structure and function. ApoA-I is 

involved in reverse cholesterol transport through its interaction with ABCA1 transporter 

and thus promoting cholesterol efflux from macrophages 193. Despite this well-known role 

in peripheric HDL metabolism, several experimental evidence suggests that plasmatic 

apoA-I crosses BBB through cholesterol-mediated endocytosis 194, where it may be 

involved in several cerebral protective effects.   

ApoE is a 34 KDa glycoprotein mainly synthesized in the periphery by the liver, while, 

due to its inability to cross BBB, in CNS is directly produced in situ. ApoE is the major 

proteic component of HDL-like particles, despite its CSF concentration is much lower 

compared to plasma concentration. As also described in paragraph 1.4.3, apoE encoding 

gene may be present as a combination of three possible isoforms, apoE Ɛ2, apoE Ɛ3 and 

apoE Ɛ4, characterized by different amino acid substitutions altering protein structure and 

functionality 195. ApoE Ɛ3 is the most common isoform, apoE Ɛ2 seems to exert a 

protective effect on AD risk, while apoE Ɛ4 is currently the strongest known risk factor for 

LOAD 195.  
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ApoJ, or clusterin, is a glycoprotein expressed in different tissues, including brain, where 

is mainly produced by astrocytes 195. ApoJ is involved in the modulation of different 

physiological functions, such as apoptosis, complement inhibition and also lipid transport 

195. Concerning CNS, apoJ-bound lipoproteins are able to bind to Aβ clearance and 

promote its removal through the interaction with LRP2 in BBB 195.  

2.3.3. Transporters 

ABC transporters are ubiquitously expressed in cells and use ATP to generate 

energy to facilitate the transport of a series of substrates, including lipids, such as sterols 

and phospholipids, across biological membranes against their gradient of concentration 

196. Mammalian ABC transporters are generally composed of two trans-membrane 

domains with two nucleotide-binding domains and are divided into seven subfamilies, 

classified as A – G 196. Given the relevance of lipids in brain, ABC transporters are likely to 

play an important role in lipid homeostasis maintenance; the most relevant will be 

discussed in the next section. 

ABCA1 transporter expression is regulated by LXRs and RXRs and in periphery involved 

in the regulation of cholesterol efflux to lipid-free apoA-I and apoE, thus greatly 

contributing to the formation of nascent HDL and RCT, the most relevant anti-atherogenic 

process 197. ABCA1 was first identified in 1998 in subjects with Tangier Disease, 

characterized by very low HDL levels due to alterations in ABCA1 encoding sequence 

and thus to impaired functionality 197.  In brain, ABCA1 is expressed by several cell types, 

including glial cells astrocytes, pericytes and brain capillary endothelial cells, where it 

transfers cholesterol to apoE, and in a lesser extent to apoA-I, that act as extracellular 

acceptors, thus contributing to the formation of discoidal apoE-containing HDLs and 

maintaining cholesterol supplying from astrocytes to neurons 197. The relevance of ABCA1 

in brain homeostasis is also highlighted by the evidence that mice lacking ABCA1 are 

characterized by a strong decrease in brain apoE, together with a reduction in dendritic 

density and cognitive function 198.  

ABCG1 is expressed in a variety of cells, among which macrophages, and its synthesis is 

regulated by LXRs/RXRs agonists and is one of the key transporter involved in the 

regulation of cholesterol efflux to mature HDLs 196. Different studies confirmed a strong 

ABCG1 expression in brain tissue, mainly localized in hippocampal neurons, in cortical 

areas as well as in the thalamus and nucleus striatum 196. In addition, ABCG1 is also 
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expressed in microglial cells, including oligodendrocytes and astrocytes, and in the 

choroid plexus, where its synthesis is strongly induced by the presence of 24(S)-

hydroxycholesterol (24-OHC) 196,199. In CNS, ABCG1 preferentially promotes cholesterol 

efflux to lipid-enriched apoE-containing lipoproteins 200 and, interestingly, ABCG1 levels 

correlate with cholesterol efflux from cerebellar primary murine glial cells 201. ABCG1 -/- 

mice were characterized by normal cerebral sterol levels, accompanied, however, by an 

increase of cholesterol biosynthetic intermediates such as desmosterol, lanosterol and 

lathosterol, together with a reduction in cholesterol efflux with consequent accumulation 

in astrocytes 171. These observations suggest a direct involvement of ABCG1 in cholesterol 

biosynthesis, possibly involving SREBP2 activation 166.  

ABCG4, despite its similarity with ABCG1 (74% of identity in the amino acid 

composition), is exclusively found in brain tissue and in the neural retina, where it 

promotes cholesterol efflux to mature HDL, alone or directly bound to ABCG1, forming 

heterodimers 196. Interestingly, ABCG4 expression is directly under the transcriptional 

control of LXRs only in astrocytes cells, but not in neurons and endothelial cells localized 

in BBB 202. However, similarly to ABCG1, ABCG4 in murine neurons and astrocytes 

promotes SREBP2 expression, thus inducing endogenous cholesterol biosynthesis 166. 

Interestingly, intermediates products in cholesterol biosynthetic pathway such as 

desmosterol and lathosterol furtherly stabilize ABCG4 protein 202. Bojanic and co-workers 

investigated the role of ABCG4 during CNS development, highlighting that its expression 

strongly increases in mice starting from the gestational age of 12.5 days and its deletion is 

associated with cholesterol and oxysterols accumulation in cerebral cells and retina, 

together with an alteration in LXRs and SREBP2 target genes, resulting in memory 

impairment in adult mice  203. 

2.3.4. Receptors 

LDLR family comprises 7 extremely conserved membrane proteins: LDLR, 

VLDLR, apoER2, LRP1, LRP1B, megalin/LRP2, sortilin-related receptor (SorLA), LRP5 

and LRP6, all expressed both during neurogenesis and in adult brain 204. Structurally, 

LDLRs are all characterized by a ligand-binding domain, a transmembrane domain, one 

or more epidermal growth factor (EGF) domains and a cytoplasmic portion with one or 

more NPxY motifs, responsible for their endocytotic activity and signal transduction 204. 

However, they differ in their physiological role, probably as a consequence of their 
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different ligand affinity, endocytosis rate and signalling pathway, as well as for their 

cellular and tissue expression. In brain, one of the main LDLR family ligands is apoE, 

which, as stated in the previous paragraphs, is the major protein constituent of cerebral 

lipoproteins, thus mediating the internalization of astrocyte-derived cholesterol into 

neurons. Hence, the interaction of apoE and LDLRs is fundamental. At this regard, as 

demonstrated in rat neuronal cultures, apoE-containing lipoproteins are necessary for the 

formation of neuronal synapses 128. Consistently, mice lacking apoER2 and VLDLR 

showed alterations in neuroanatomical phenotype, with cerebral ataxia and disruption in 

the correct layering of cortical and hippocampal neurons, with consequent alterations in 

their behavioural characteristics 205. Another fundamental LDLRs ligand is reelin, a 

secreted glycoprotein that, once bound, promotes an intracellular signalling cascade with 

the final phosphorylation of disabled-1 (Dab1) protein and Src family kinases, extensively 

contributing to correct brain development 206. Hence, the neuroanatomical and 

behavioural alterations observed in vivo in mice lacking apoER2 and VLDLR previously 

described 205 may result as a combination of the altered reelin signalling and deficient 

cholesterol supply to neurons.  

LDLR is a 160KDa receptor synthesized in ER as a precursor protein, that undergoes 

maturation in the Golgi apparatus and final translocation onto the cell membrane. 

Peripheric LDLR expression is ubiquitary, with a high hepatic expression rate and, from a 

functional point of view, LDLR binds to apoB- and apoE-containing lipoproteins such as 

LDLs. After LDLR binds to its ligand, it undergoes internalization through endocytosis 

and separates from its ligand in a pH-dependent process, and recycles to the cell surface, 

while apoB- and apoE-containing lipoproteins undergo further intracellular 

metabolization 207. As follows, different mutations on LDLR encoding gene affecting 

receptor functionality, either in heterozygosis or homozygosis, often results in familial 

hypercholesterolemia (FH), an autosomal dominant disease characterized by extremely 

high LDL-cholesterol levels and high cardiovascular risk 207. Concerning CNS, due to the 

presence of BBB that prevents apoB passage from the periphery, LDLR interacts almost 

exclusively with apoE-containing lipoproteins, thus mediating their cellular 

internalization 207. Consistently, mice lacking LDLR are characterized by a strong increase 

of apoE in CSF and brain tissue, in absence of a significant increase in brain cholesterol 

levels 208. LDLR expression is controlled by several transcriptional and post-
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transcriptional mechanisms, such as SREBPs and Proprotein Convertase Subtilisin/Kexin 

type 9 (PCSK9), whose regulating activity will be discussed in paragraph 2.5 207. 

ApoER2 is a 105KDa membrane protein with a 49% of homology with LDLR in its 

encoding sequence. In peripheral tissues, apoER2 is expressed by ovaries, testis, placenta 

and platelets, despite its main expression being localized in CNS, specifically in the apical 

dendrites and cell bodies of the neocortex, in Purkinje cells of the cerebellum, in 

pyramidal cells of the hippocampus and dentate gyrus, in Schwann cells and radial glial 

and intermediate progenitor cells (IPCs) 209. The most relevant function of apoER2 is 

related to its involvement in the reelin pathway, as mentioned before, thus playing a 

crucial role in neuronal migration in the cortical area 206. ApoER2 expression is finely 

regulated by IDOL, an E3 ubiquitin ligase that promotes its ubiquitination and further 

lysosomal degradation. In this regard, IDOL overexpression in mice leads to lower 

apoER2 levels, with consequent impairment in dendritic spine formation, also reflected in 

defective learning and memory function 210. In addition, apoER2 expression can be also be 

post-translationally regulated by PCSK9 209.  

VLDLR is a 161 KDa protein, whose structure is extremely similar to that of LDLR, 

expressed at high levels in skeletal muscles, heart, adipose tissue, kidney, testis, ovary and 

lungs 209. In CNS VLDLR expression has been detected in almost all cerebral regions, with 

high prevalence in Cajal-Retzius cells, astrocytes, oligodendrocytes and neurons of 

cerebellum and cortex 209. VLDLR is localized onto the cell membrane, not associated with 

lipid rafts 209. Similarly to apoER2, VLDLR is also involved in the reelin signalling 

pathway, extremely relevant during neurogenesis 206.  Due to VLDLR ability to bind to 

apoE, it was initially believed to play a role in lipoprotein homeostasis; however, its 

absence in pre-clinical experimental models isn’t associated with alterations in plasmatic 

lipoprotein profile, probably because its peripheral function is also exerted by LDLR 211. 

Similarly to the above-cited receptors, also VLDLR is a specific target for PCSK9 

degrading activity, thus regulating VLDLR expression 209. 

LRP1 is a 515 KDa transmembrane protein containing four extracellular ligand-binding 

domains, together with an extra intracellular YXXL motif near the canonical NPXY 

sequence, that enables a more rapid endocytotic process 212. After its translation, LRP1 

binds to the molecular chaperone receptor-associated protein (RAP), which enables LRP1 

membrane translocation and prevents its premature binding with other molecules; RAP 
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dissociated from LRP1 only in the late secretory phases, characterized by lower pH 212. 

LRP1 is expressed by lungs, liver, gallbladder, vascular system, ovary, testis and 

connective and soft tissues, while in brain is highly expressed in the cortical tissue and 

BBB 212. Interestingly, while in pre-clinical models the absence of LDLR isn’t associated 

with an embryonic lethal phenotype, LRP1 deficiency causes early embryonic lethality in 

mice 212. Concerning LRP1 ligands, experimental evidence identified more than 40 

molecules, including apoE, α2-macroglobulin and also Aβ, thus suggesting a possible 

involvement of this receptor in amyloidogenic metabolism 213, which will be furtherly 

addressed in paragraph 3.3.4. Supporting the ability of LRP1 to bind to apoE, mice lacking 

LRP1 specifically in the forebrain neurons showed high cerebral apoE levels, while LRP1 

overexpression decreases them 214. Interestingly, LRP1 can be processed and cleaved by 

secretases, thus producing an intracellular LRP1 segment that seems to act as a 

transcriptional regulator, able to affect the expression of different genes, such as interferon 

(IFN)-γ, while its extracellular portion is involved in Aβ metabolization 212. Similarly to 

the other LDLRs discussed in the present section, also LRP1 is a target of the degrading 

activity of PCSK9, hence able to post-translationally regulate its expression 209. 

2.4 OXYSTEROLS 

Oxidized cholesterol metabolites, namely oxysterols, are bioactive molecules 

produced by several enzymes able to oxidize cholesterol molecules in its side carbon 

back-bone chain with higher polar properties compared to cholesterol 215. Due to their 

physio-chemical properties, oxysterols fluxes can bypass different bodily membranes, 

such as BBB 215. In this regard, the most relevant oxysterols in CNS are 24-OHC, also 

called cerebrosterol, and 27-OHC, followed by 25-OHC and, interestingly, their levels in 

plasma and CSF have been extensively used as biomarkers for different neurological and 

vascular pathologic conditions 215. Indeed, a specific cerebral enzyme, cholesterol 24-

hydroxlase (CYP46A1), particularly expressed in neurons, is able to convert excess 

cholesterol into 24-OHC, that can furtherly cross BBB through gradient-mediated 

diffusion and reach peripheric circulation, with a rate of about 4-7 mg every day, to be 

finally cleared by the liver 216. As follows, plasmatic 24-OHC levels are almost completely 

derived from the cerebral metabolism and directly reflect brain cholesterol levels 216. 

Cerebral cholesterol, in addition, can also be transformed to 27-OHC by 27-hydroxylase 

(CYP27A1) and finally converted by oxysterol 7-alpha-hydroxylase (CYP7B1) to 7α-

hydroxy-3-oxo-4-cholestenoic acid (7-OH-4-C), even if the cerebral expression of those 
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enzymes is extremely low 216. On the other side, 27-OHC is produced in peripheric tissues 

following cholesterol’s metabolization by CYP27A1 enzyme, and about 5 mg per day flow 

to the brain 217. Due to their ability to modulate different transcriptional pathways, 

oxysterols are considered bioactive molecules: as an example, they induce LXRs 

activation,  inhibit SREBPs processing to its active form, and are allosteric modulators of 

NMDA receptors and G protein-coupled receptors (GPCRs) 215. Concerning cerebral 

cholesterol metabolism, as SREBPs inhibitor, 24-OHC acts as a physiological suppressor in 

cholesterol biosynthesis, as demonstrated in glioblastoma cell line 218. In addition, by 

promoting LXRs activation, 24-OHC induces ABCA1, ABCG1 and apoE synthesis in 

astrocytoma cells 155, thus promoting astrocyte to neuron cholesterol transport. Similar 

observations also came from proteomic analysis in rat primary cortical neurons 219. On the 

other side, 27-OHC function in CNS has not been completely clarified, also due to its 

levels that in physiological conditions are extremely low. Several experimental evidence 

obtained in cellular models point to a direct involvement of 27-OHC in cholesterol 

biosynthesis down-regulation 220, also confirmed by a murine model lacking CYP27A1 

expression, characterized by a significant cerebral cholesterol biosynthesis increase 221. 

Finally, other than 24-OHC and 27-OHC, also 25-OHC, a peripheral potent regulator of 

LXRs mediated pathway, is detectable in the brain, despite to date only a few data 

investigated its function in CNS. Notably, Makoukji and co-workers demonstrated that 

25-OHC promotes oligodendrocytes apoptosis and down-regulate myelin production 

through the LXR/Wnt/β-catenin signalling 222.  

2.5 PROPROTEIN CONVERTASE SUBTILISIN/KEXIN TYPE 9 

PCSK9 is a 692 amino acid protein encoded by a 22 Kb gene located on 

chromosome 1p32, composed of 12 exons and 11 introns with a high evolutionary 

conserved sequence in vertebrates 223. PCSK9 goes through a non-classical zymogen 

activation process; indeed, in ER PCSK9 undergoes cleavage of its signal fragment (amino 

acid 1-30), leading to the release of proPCSK9 zymogen protein (amino acid 31-692), that 

undergoes further cleavage in VFAQ152↓SIP position, finally releasing the mature enzyme 

(amino acid 152-692) 223. Interestingly, PCSK9 is secreted as non-covalently bound to its 

inhibitory prosegment (amino acid 32-152) that covers the active site of the enzyme, so 

that PCSK9 exerts its enzymatic activity only following the binding with its targets 

proteins 223. Specifically, the active PCSK9’s site is located in amino acid 153-421, with 

Asp186, His226, and Ser386 amino acids and the oxyanion hole Asn317; in addition, the 
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catalytic subunit is linked to the C-terminal region (CHRD), rich in cysteine, through a 

small hinge region (H), composed by 18 amino acids (from 422 to 439) 223. Concerning 

PCSK9 enzymatic activity, as anticipated above, the prosegment-PCSK9 complex can bind 

to target proteins and convey to specific intracellular organelles, such as lysosomes, to 

their final degradation 223. The first identified and most characterized PCSK9 target is 

LDLR, as PCSK9’s catalytic unit binds to its EGF)-A domain 224. In addition, other LDLR 

family members, such as VLDLR, apoER2 and LRP1, possess a similar EGF-A domain, 

that has been demonstrated to be a PCSK9 target as well 224. Finally, CD36 is another 

PCSK9 target, despite the absence of the EGF-A domain, suggesting that PCSK9 may act 

through different binding mechanisms, that still require further investigation 225.  In 

absence of PCSK9, once LDL-C binds to LDLR, the complex is endocytosed through 

clathrin-coated vesicles, forming endosome with acid pH, that promotes the allosteric 

dissociation of LDLR and its subsequent surface recycling for another binding-

internalization cycle, while LDL-C is furtherly processed in lysosomes (Figure 3) 226. 

However, when PCSK9 binds to its target, such as LDLR, the low pH of endosome causes 

a more tight association between LDLR and LDL-C, thus preventing LDLR recycling into 

the cell membrane and promoting LDLR - LDL-C complex degradation in lysosome, also 

with the participation of cyclase-associated protein-1 (CAP-1),  despite the exact 

mechanisms are still not completely characterized 223. 

FIGURE 3 

          

Figure 3. Schematic representation of PCSK9 mechanism of action. Pictures have been created by combining images from Smart 

Servier Medical Art (https://smart.servier.com/). Servier Medical Art by Servier is licensed under a Creative Commons Attribution 3.0 
Unported License (https://creativecommons.org/licenses/by/3.0/). 

 

https://smart.servier.com/
https://creativecommons.org/licenses/by/3.0/
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Furthermore, PCSK9 may exert its biological activity both intracellularly, thus binding 

LDLR without being secreted, or extracellularly, after its secretion 227. Interestingly, the 

absence of the M2 domain in CHRD portion of PCSK9 enables exclusively the 

intracellular degrading activity, suggesting that two distinct regulatory pathways control 

PCSK9 intracellular and extracellular functionality 228. PCSK9 expression is finely 

regulated through different mechanisms, starting from its transcription. Indeed, mice 

overexpressing SREBP1a or SREBP2 showed increased PCSK9 mRNA levels 229 and, 

consistently, statins treatment in human hepatocytes HepG2 cells leads to an upregulation 

of PCSK9 mRNA levels, as a consequence of the feedback activation of SREBP2 230. PCSK9 

transcription may be also controlled by ligand-activated nuclear receptors such as 

peroxisome proliferator-activated receptors (PPARs) and Farnesoid X receptor. In this 

regard, PPARα agonist fenofibrate, a pharmacological agent used in hypercholesterolemia 

and hypertriglyceridemia, reduces PCSK9 transcription in primary murine hepatocytes 

and human HepG2 cells, despite studies in fenofibrate-treated patients showing some 

confounding evidence 231. In addition, also the regulation of PCSK9 mRNA stability and 

final translation contributes to the final PCSK9 activity, despite, to date, the molecular 

mechanisms of these possible regulatory mechanisms are still unclear, except for the 

potential binding of microRNA-24 to the 3’-Untranslated Region (UTR) of PCSK9 mRNA, 

thus possibly interfering with mRNA stability 232.  

2.5.1 PCSK9 and plasma cholesterol homeostasis 

Since its discovery in 2003 in apoptotic brain cells, PCSK9, initially indeed called 

neural apoptosis-regulated convertase-1 (NARC-1), was deeply studied to investigate its 

biological functions. One of the first pieces of evidence related to PCSK9 role in regulating 

plasmatic cholesterol levels comes from the description of a mutation in the PCSK9 

sequence found in families with autosomal dominant FH, in absence of any LDLR and 

apoB mutations 233. In addition, the Dallas Heart Study revealed that two nonsense 

mutations in the PCSK9 encoding sequence (p.Y1422X and p.C679X) retrieved in a 

multiethnic population composed for its half of Afro-Americans, were associated with 

extremely low LDL-C levels (-40%) and reduced coronary artery disease (CAD) risk 234. 

Since these observations, it has been clearly demonstrated that PCSK9 may be considered 

one of the main factors regulating plasma cholesterol homeostasis, mainly due to its 

ability to bind to mainly hepatic LDLR and promote its degradation in lysosome, as 

described in the previous section, thus preventing LDLR recycling to the cell surface and 
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the LDLR-mediated removal of circulating LDL-C 233. Currently, about 250 mutations in 

the PCSK9 encoding sequence have been identified, distributed in its catalytic domain, in 

the signal peptide, prodomain and CHRD and can be categorized as Gain of Functions 

(GOF) and Loss of Function (LOF) mutations, with opposing phenotypes 233. Subjects with 

PCSK9 GOF mutations, such as the substitution of amino acid Asp with Tyr (D374Y) are 

characterized by high LDL-c levels (>500mg/ml) and Lipoprotein(a), thus raising their 

cardiovascular risk 235. Conversely, subjects with LOF mutations such as S386A, R46L and 

S462P, are relatively common, and characterized by extremely high hepatic LDLR and 

low circulating LDL-C, with an average reduction of 50-86% of their cardiovascular risk 

236. Other than PCSK9 ability to regulate lipoproteins’ circulating levels, experimental 

evidence both in vitro and in vivo suggest a pro-inflammatory activity by increasing pro-

inflammatory cytokines and chemokines, such as IL-1β, IL-6, TNF-α and monocyte 

chemoattranct protein (MCP)-1 release in macrophages 237. The relevant role of PCSK9 in 

atherosclerosis was also confirmed in C57bl/6 mice injected with pAAV/D355Y-mPCSK9, 

a GOF mutant murine PCSK9 plasmid, resulting in a downregulation of LDLR expression 

(-90%) and hypercholesterolemia associated with atherosclerosis development 238. Hence, 

given the relevant role of PCSK9 in circulating LDL-C and in atherosclerotic plaque 

burden, and also considering the limited effectiveness of other lipid-lowering drugs such 

as statins, different pharmacological approaches were developed to inhibit circulating 

PCSK9. So far, two fully human mAbs, able to prevent the binding of PCSK9 and EGF-A 

domain of LDLR, were developed: evolocumab (Praluent®) and alirocumab (Repatha®), 

that are currently approved by FDA, EMA and AIFA for the treatment of 

hypercholesterolemic subjects with high CV risk, in addition to standard therapies such as 

statins and ezetimibe 233. Different Randomized Controlled Trials have been carried out 

aiming at evaluating both evolocumab and alirocumab safety and efficacy. The Further 

Cardiovascular Outcomes Research with PCSK9 Inhibition in Subjects with Elevated Risk 

(FOURIER) enrolled 27564 patients from 49 countries and demonstrated that over 26 

months of follow-up, evolocumab treatment added to statin therapy was able to reduce 

circulating LDL-C by 60%, and by 15% the risk of major adverse cardiovascular events 

compared to subjects treated with placebo 239. Similarly, the ODISSEY OUTCOMES study 

enrolled 18924 patients over 57 countries to test the safety and efficacy of a bi-monthly 

injection of alirocumab compared to placebo in patients with coronary syndrome already 

treated with statins, highlighting a 50% reduction of circulating LDL-C and a 15% 

reduction of major adverse cardiovascular events 240. Another interesting therapeutic 
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approach to inhibit PCSK9 comes from RNA interference technology (siRNA), with anti-

PCSK9 inclisiran. Specifically, after its injection, inclisiran is rapidly uptaken by 

hepatocytes, thus excluding any possible off-target adverse effects, and promotes the 

degradation of PCSK9 mRNA 241. Inclisiran’s safety and efficacy have been tested through 

the ORION program, which is still ongoing. To date, ORION-9, ORION-10 and ORION-11 

phase III randomized controlled studies showed great benefits of a semestral Inclisiran 

injection compared to placebo in reducing circulating PCSK9 levels (-80%) in patients 

with high CV risk, and ongoing phase III clinical trials (ORION-4 and ORION-5) will 

establish the magnitude of the clinical benefits 242. Currently, new gene-editing techniques 

to reduce circulating PCSK9 levels, such as in vivo Crispr base editing and adenine base 

editing, are under investigation and some preclinical results on non-human primates 

showed positive results 233. 

2.5.2 PCSK9 and brain cholesterol homeostasis 

Despite the great role of PCSK9 in regulating plasma LDL-C levels, PCSK9 exerts 

also several extra-hepatic effects, being expressed by different tissues, including brain, 

where it was first identified as an mRNA upregulated during apoptosis in primary 

cerebellar neurons 243. Given the high cholesterol content in brain, deciphering the role of 

PCSK9 in both physiologic and pathologic situations is extremely relevant. PCSK9, due to 

its inability to cross BBB in normal conditions, is directly synthesized in brain where, 

differently from peripheric PCSK9, its concentration of about 5 ng/ml is constant through 

the 24 hours, thus suggesting a different regulation compared to periphery 244. Several 

PCSK9 well-described targets are expressed in brain, such as LDLR, apoER2, VLDLR, 

LRP1 and CD36, thus it’s conceivable to assume an interaction with these receptors and 

PCSK9 also in the cerebral district 245. In this regard, different experimental evidence 

supports a direct involvement in several functions in CNS, including neuronal 

differentiation, apoptosis, neuroinflammation and cholesterol homeostasis. Starting from 

neuronal development, PCSK9 promotes neuronal differentiation and neurogenesis. In 

this regard, Seidah and co-workers demonstrated that in mice PCSK9 expression arises 

concomitantly with telencephalon and cerebellum neurogenesis and, consistently, the 

overexpression of PCSK9 is associated with an increased amount of proliferating neurons 

243. On the other side, PCSK9 expression in adult zebrafish is mainly restricted to 

proliferating cerebral areas, such as cortical, intracranial and cerebellar neurons 246. 

Mechanistically, PCSK9 involvement in neurogenesis seems to be independent of its 
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LDLR-binding ability, as murine P19 embryonal cells treated with retinoic acid showed a 

strong increase in PCSK9 expression, paralleled, however, by constant LDLR levels 246. In 

addition, its expression in this developmental phase is not regulated by the typical 

transcription factors regulating its synthesis, such as SREBP2, as demonstrated in P19 

embryonal cells incubated with retinoic acid 246. Concerning PCSK9 involvement in 

apoptosis, the currently available results are still controversial. Indeed, as mentioned 

before, PCSK9 expression was associated with apoptosis in cerebellar granule neurons 243 

and in dorsal root ganglion neurons 247. Specifically, PCSK9 is probably involved in the 

JNK-mediated apoptotic pathway, as PCSK9 inhibition in apoptotic cerebellar granule 

neurons is associated with a reduction in phosphorylated c-Jun protein and cleaved 

caspase-3 247. Interestingly, PCSK9 RNA interference in apoptotic cerebellar granule 

neurons was shown to increase apoER2 expression, suggesting that PCSK9 may exert its 

pro-apoptotic activity partially by regulating apoER2 levels 247. On the other side, PCSK9 

was also described to promote neuroglioma U251 cell survival: PCSK9 overexpression, 

indeed, is associated with a decrease in cleaved caspase-3, in intracellular cytochrome c 

secretion and a decrease of the ratio of Bax/Bcl-2 proteins 248. However, the currently 

available in vivo experimental evidence is still confusing. Indeed, in rat models of cardiac 

ischemia/reperfusion injury, the administration of the PCSK9 inhibitor Prep 2-8 wasn’t 

associated with changes in cerebral Bax and Bcl-2 expression, nor in the number of 

apoptotic cells 249. As anticipated before, PCSK9 may be involved also in 

neuroinflammation, as Prep 2-8 PCSK9 inhibitor administration in rats with 

ischemia/reperfusion injury downregulated NFκB activation, with consequent reduction 

of activated microglia and astrocytes 249. Finally, both in vitro and in vivo studies 

highlighted a possible involvement of PCSK9 in brain cholesterol homeostasis, due to its 

possible degrading activity on lipoprotein receptors. In this regard, Poirier and co-

workers showed a substantial reduction of LDLR, apoER2 and VLDLR expression in 

human embryonic kidney (HEK) 293 cells co-transfected with PCSK9 and lipoprotein 

receptors compared to those not transfected with PCSK9 250. On the other side, cortical 

and hippocampal LDLR, VLDLR and apoER2 levels were similar in mice with PCSK9 

genic deletion or overexpression 251 and, consistently, in PCSK9-/- adult mice, CSF, 

olfactory bulb and peduncle LDLR and apoER2 expression was similar compared to WT 

mice 252. Interestingly, the latter study highlighted a significant increase in LDLR 

expression in telencephalon at day E12.5 in PCSK9-/- mice compared to WT 252, thus 

suggesting a possible time- and tissue-specificity for PCSK9 cholesterol regulation.  
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3. BRAIN CHOLESTEROL METABOLISM IN AD 

3.1 CHOLESTEROL HOMEOSTASIS ALTERATIONS 

As discussed in paragraph 2.1, several experimental evidence supports a key role 

for both LXRs and SREBPs in brain cholesterol homeostasis, whose alteration has been 

demonstrated to be tightly associated with pathological alterations, such as MS, 

Huntington's Disease, Amyotrophic Lateral Sclerosis (ALS), Niemann-Pick disease type C 

and AD 140. Hence, understanding the molecular mechanisms involved in the fine sterol-

sensing mechanisms may be helpful for the identification of new possible 

pharmacological targets.  

LXRs involvement in AD has been extensively investigated. The administration of T0-

901317 in APP23 mice is associated with a reduction of brain soluble Aβ1-40 and Aβ1-42 253. 

Consistently, APPswe/PS1ΔE9 Tg mice with genetic ablation of both LXRα and LXRβ 

showed a strong increase in cerebral amyloid deposits as compared to APPswe/PS1ΔE9 Tg 

mice, possibly as a consequence of LXRs’ ability to dampen the glial response to a pro-

inflammatory stimulus such as Aβ 254. LXRs involvement in microglia anti-inflammatory 

status has also been addressed in APP/PS1 mice, showing modulation of NF-κB-signaling 

and an increase in cholinergic neurons, reflected into an ameliorated cognitive function 

255. To date, evidence in humans is still poorly investigated. One of the first pieces of 

genetic evidence of a connection between LXR and AD comes from the observation that 

the variability in the NR1H2 locus on the LXRβ-encoding gene may constitute a risk factor 

for AD, probably as a consequence of its involvement in astrocytes cholesterol 

homeostasis 256. Consistently, the C allele of the SNP rs7120118 in the NR1H3 locus on the 

LXRα-encoding gene seems to be associated with a reduction in CSF tau and phospho-tau 

protein, together with a reduction in soluble Aβ42 257. However, despite the lacking of 

precise association with AD pathogenesis, the available experimental evidence suggests 

that the pharmacological activation of LXR may represent an interesting pharmacological 

target for AD. 

SREBPs involvement in AD-related degeneration originates from the observation that  

Aβ42 oligomers may exert a detrimental effect upon cholesterol synthesis in neurons 258, 

paralleled and justified by a reduction in SREBP2 processing and activation 259, probably 

as a consequence of the Aβ42 oligomers-induced reduction of protein kinase B (AKT) 
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phosphorylation and activation, preventing SREBP2 trafficking to the Golgi. Consistently, 

APP expression in rat cortical primary neurons is associated with a reduction in 

endogenous cholesterol biosynthesis, together with a down-regulation of SREBP1a, 

SREBP1c and SREBP2 mRNA expression, while the inhibition of APP expression leads to 

an increased cholesterol biosynthesis 260. This evidence highlights the relevant role that 

brain cholesterol metabolism plays in AD-related degeneration. This strong connection is 

also remarked by the evidence that SREBPs levels inversely correlate with APP in human 

brains 261. Other evidence of involvement of SREBPs in amyloidogenesis derives from the 

observation that BACE1 expression seems to be directly regulated by SREBP2 and, 

consistently, its overexpression in APP/PS1 mice is associated with an increase in 

cognitive functions, Aβ and NFT deposition 262. In addition, a recent study identifies a 

SNP in the SREBP2 sequence, rs2269657, that seems to be associated with different clinical 

and anatomopathological features of LOAD 263. Finally, Wang and co-workers 

demonstrated a decrease in SREBP2 activation in pyramidal neurons with NFT deposition 

264, suggesting that not only amyloidosis but also tau pathology may be involved in the 

dysregulation of SREBPs-mediated signalling.  

3.2 CHOLESTEROL BIOSYNTHESIS ALTERATIONS 

The currently available experimental evidence directly demonstrating a specific 

alteration in cholesterol biosynthetic pathways in AD are currently limited. However,  

genic expression of the Dhcr24 enzyme, involved in desmosterol conversion into 

cholesterol, is strongly reduced in post-mortem AD brain sections compared to those of 

healthy controls. 265. In this regard, the investigation of the specific intracellular 

cholesterol biosynthetic pathways in neurodegenerative diseases may represent an 

interesting topic for further investigation.  Hence, taken together, this experimental 

evidence suggests that due to the low efficacy of cholesterol biosynthetic activity, adult 

neurons mostly rely on less-expensive cholesterol provided by astrocytes and, in this 

regard, the co-culture of neurons with astrocytes is associated with a strong reduction in 

neuronal squalene synthase activity, an enzyme involved in cholesterol biosynthesis 266. 

Thus, the interplay between neurons and glial cells, including astrocytes, represents a 

fundamental aspect of neuronal homeostasis. 
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3.3 CHOLESTEROL TRANSPORT ALTERATIONS 

3.3.1. Lipoproteins alterations 

Recent experimental evidence suggested a dysregulation in CSF lipoprotein 

metabolism in AD, mainly related to their formation, maturation and to their ability to 

transport cholesterol. Specifically, two separated studies confirmed that CSF capacity to 

promote ABCA1- and ABCG1-mediated cholesterol efflux is compromised in patients 

with AD compared to controls, thus highlighting brain lipoprotein functionality as a 

possible pathogenetic mechanism in AD 267,268. A peculiar link between AD-related 

neurodegeneration and a reduction in neuronal cholesterol providing was also 

highlighted by the close correlation between brain lipoproteins function and specific 

neurobiomarkers of AD, such as Aβ and phospho-tau 268. Concerning lipoprotein 

remodelling enzymes, Demeester and co-workers highlighted a significant reduction in 

CSF LCAT activity in AD patients compared to controls 181. On the other side, CETP 

involvement in cognitive function is not clear, as some studies reported a SNP (rs5882) in 

its encoding sequence associated with cognitive decline, which, however, has not been 

confirmed by other experimental analyses 269,270. Finally, to date, evidence supporting 

PLTP involvement in lipoprotein remodelling and maturation are not conclusive, but, 

interestingly, PLTP expression has been detected in cerebrovascular endothelial cells and 

its synthesis increases following the in vitro LXR activation 271. In addition, PLTP 

deficiency is associated with a reduction in BBB functionality and increased permeability 

272 and, consistently, analysis on PLTP concentration in CSF of AD subjects showed a 

significant increase in its expression, thus furtherly supporting the evidence of 

dysregulation of brain lipid metabolism 273. 

3.3.2. Apolipoproteins alterations 

Investigating how CNS apolipoproteins may influence brain physiology, also 

given the relevant association between apoE Ɛ4 isoform and LOAD pathogenesis 7, may 

help in the investigation of novel disease-associated mechanisms and novel therapeutic 

targets.  

Concerning apoA-I, several pre-clinical studies, P/PS1 mice overexpressing human apoA-

I showed an improvement in cognitive functions and memory, paralleled by a decrease in 

Aβ deposition, glial activation and pro-inflammatory cytokines secretion 274 and, 
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accordingly, apoA-I deficiency was associated with worsened cognitive performances 275. 

Interestingly, apoA-I seems to be involved in APP processing by either enhancing cellular 

cholesterol efflux, thus increasing the non-amyloidogenic pathway, or by directly binding 

to APP and preventing its internalization and cleavage 276. Moreover, apoA-I seems to be 

involved also in Aβ clearance and, in this regard, both HDL and apoA-I, due to their 

affinity, were able to promote Aβ clearance through BBB 180. Concerning epidemiological 

studies, the relevance of apoA-I in AD was highlighted by the observation that AD 

patients from a French cohort were characterized by lower levels of circulating apoA-I 

levels compared to controls, and the levels inversely correlated with the severity of the 

disease 277. Furthermore, a recent study observed a reduction in CSF apoA-I levels in AD 

subjects 278. However, in this unclear context, a phase II clinical trial showed that the 12 

weeks infusion of RXV-208, able to induce apoA-I genic transcription, was associated with 

increased circulating Aβ levels, possibly suggesting an increased cerebral clearance 195. 

Another protective effect of apoA-I seems to be related to its anti-inflammatory activity; in 

this regard, APP/PS1 mice lacking apoA-I showed increased Aβ deposition compared to 

apoA-I-expressing littermates, together with a strong increase in neuroinflammation-

related markers such as IL-1β 279.  

Several experimental evidence supports the direct involvement of apoE in AD 

pathogenesis through different mechanisms, such as Aβ metabolism, tau-mediated 

neurodegeneration, and cholesterol homeostasis alteration. Indeed, apoE is able to bind to 

Aβ, leading to the formation of complexes that alter its clearance and promote Aβ plaques 

formation: at this regard, apoE Ɛ4 isoform showed a stronger binding ability, with 

subsequent Aβ oligomerization and deposition 280. The negative impact of apoE Ɛ4 

isoform on Aβ clearance may be also due to its competition for LRP1 binding, as 

suggested by the observation through immunostaining on human AD brains that LRP1 

positively correlated with Aβ, and this correlation was furtherly increased in apoE Ɛ4 

carriers 281. Concerning tau-related neurodegeneration, P301S tau Tg mice overexpressing 

or not the three human apoE isoforms revealed that those overexpressing apoE Ɛ4 were 

characterized by increased brain atrophy with reduced neuronal viability, the release of 

proinflammatory cytokines such as TNF-α and tau hyperphosphorylation, with faster 

disease progression 282. Furthermore, a study conducted upon 1056 post-mortem brains of 

AD subjects and matched controls revealed a positive correlation between the presence of 

the apoE Ɛ4 isoform and the frequency of NFT tangles, which is an index of tauopathy, 
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probably as a consequence of apoE Ɛ4-induced hyperphosphorylation 283. Interestingly, 

the treatment of cultured neurons with astrocyte-derived apoE Ɛ4 is associated with 

subsequent hyperexcitability, leading to an excessive and imbalanced neuronal activity 284. 

Despite these possible relevant mechanisms linking apoE to AD pathogenesis, one of the 

main functions of apoE is the regulation of brain cholesterol homeostasis by contributing 

to the delivery of newly-synthesized cholesterol from astrocytes to neurons 187, as 

described in paragraph 2.3. Hence, correct apoE lipidation plays a fundamental role in 

brain cholesterol homeostasis. Interestingly, nondenaturing gel electrophoresis in human 

CSF samples with different apoE genotypes showed that apoE Ɛ4 complexes were smaller 

compared to those of individuals with apoE Ɛ3 and, above all, apoE Ɛ2 285. These 

observations suggest a limited lipidation of Ɛ4 isoform compared to Ɛ3, while Ɛ2 isoform 

seems to be more prone to bind cholesterol and form apoE-containing lipoproteins. ApoE 

lipidation occurs following its interaction with the ABCA1 transporter and, in this regard, 

Rawat and colleagues observed a reduction in apoE Ɛ4 ability to interact with ABCA1, 

resulting in a reduction of in vitro cholesterol efflux from astrocytes and apoE lipidation 

compared to apoE Ɛ3 isoform 286. In this regard, our research group previously 

demonstrated a reduction in ABCA1- and ABCG1-mediated cholesterol efflux of CSF 

from AD subjects compared to controls 268, suggesting the impaired lipidation of apoE-

containing lipoproteins as a possible disease pathogenetic mechanism. Disruption in brain 

cholesterol homeostasis may also occur in its last step, namely the interaction between 

neuronal apoE-binding receptors and apoE-containing lipoparticles. In this regard, one of 

the main possible pathogenetic mechanisms may be related to the degrading activity of 

the PCSK9 enzyme. Interestingly, a study conducted in our research group revealed 

increased PCSK9 levels in CSF of AD patients compared to non-AD subjects, also 

highlighting that CSF PCSK9 concentration was higher in those bearing the apoE Ɛ4 

isoform with respect to non-carriers 287. Another possible involvement of apoE Ɛ4 in AD 

pathogenesis may be related to its well-described ability to disrupt BBB integrity, which is 

a typical hallmark of the disease 288. Indeed, Montagne and co-workers recently 

demonstrated that carriers of apoE Ɛ4, either in heterozygous or homozygosis, showed 

BBB hippocampal breakdown, possibly contributing to cognitive decline 289. Concerning 

neuroinflammation, several pieces of evidence support a possible involvement of apoE Ɛ4 

in the inflammatory cascade, as demonstrated by an increased release of proinflammatory 

cytokines such as IL-6 and TNF-α in the brain of transgenic mice expressing human apoE 

Ɛ4 allele, compared to those bearing the apoE Ɛ3 gene, after the administration of 
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lipopolysaccharides (LPS) 290. Finally, also oxidative stress seems to be influenced by apoE 

and, consistently, in an isoform-dependent fashion. In this regard, post-mortem analysis 

in the hippocampus of AD patients highlighted that apoE Ɛ4 carriers were characterized 

by enhanced oxidative stress compared to non-carriers 291. The possible relevant 

pathogenic role of apoE Ɛ4 is highlighted by Xiong and colleagues, that demonstrated that 

the immunotherapy with the infusion of anti-human apoE antibody HAE-4 in 5XFAD 

apoE Ɛ4+/+ mice is associated with a reduction in Aβ deposition and cerebrovascular 

dysfunction, together with a reduction in neuroinflammatory-related parameters 292.  

ApoJ involvement in LOAD has been highlighted by different experimental evidence. As 

an example, two GWAS studies demonstrated that SNPs in its encoding sequence are one 

of the most common genetic risk factors and, among them, the apoJ variant rs331896 is 

highly associated with AD risk and dementia 293. The relevance of apoJ in AD is also 

highlighted in several experimental pieces of evidence. ApoJ may be involved, indeed, in 

the amyloid aggregation process: in this regard, an in vitro study using single-molecule 

fluorescence, revealed that apoJ is able to act as a chaperone molecule and bind to 

different oligomeric aggregates of Aβ peptides, thus leading to the formation of 

complexes 294. Consistently, the infusion of apoJ in hippocampal tissue was found to be 

associated with a reduction in Aβ-induced toxicity and better cognitive performances in 

rats 295. Concerning the evidence in humans, Sheperd and co-workers recently 

demonstrated that brain apoJ levels were higher in AD patients compared to controls 296. 

Taken together, these observations suggest that apoJ is involved in Aβ clearance, but in 

presence of extremely high Aβ levels compared to those of apoJ, the amyloidogenic 

pathway is enhanced.  

3.3.3. Transporters alterations 

ABCA1 involvement in AD-related neurodegeneration is testimonied by several 

experimental evidence. For instance, APP Tg mice lacking ABCA1 showed an increased 

Aβ deposition and lower apoE and apoA-I levels compared to APP littermates 297. 

Interestingly, APP Tg mice with ABCA1 haplodeficiency showed a significant worsening 

of memory deficits only in those expressing human apoE Ɛ4 compared to those expressing 

apoE Ɛ3 298. In addition, it has been recently demonstrated that after brain injury, 

astrocytes become reactive and with a pronounced phagocytic activity that requires 

ABCA1 upregulation  299. Despite the available pre-clinical studies pointing to a protective 
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role of ABCA1 in brain cholesterol homeostasis and AD pathogenesis, the picture is not 

completely defined, as the available human studies present many confounders factors, 

including the sample size and different genetic background. As an example, the SNPs 

rs2230806 and rs1800977 identified in 71 AD patients were not associated with increased 

cerebellar Aβ deposition compared to 81 healthy controls 300. On the other side, 

Nordestgaard and co-workers identified in a large cohort an ABCA1 LOF mutation, 

N1800H, present in about 1:500 subjects, associated with low plasmatic apoE 

concentration ad high AD risk 301. Remarkably, despite the ABCA1 sequence wasn’t 

identified as a disease-susceptible gene in recent GWAS 61, it is currently enlisted among 

the encoding sequences that require particular attention. As an example, fibroblasts 

isolated from patients with the N935S mutation, characterized by extremely low HDLs, 

showed an aberrant response to LXR agonist T0901317 by releasing Aβ, thus confirming 

the involvement of ABCA1 in amyloid processing 253. 

Several experimental evidence suggests a possible involvement of ABCG1 in the 

pathophysiology of AD through different mechanisms, mainly related to its involvement 

in cholesterol metabolism homeostasis and to ABCG1 ability to transport Aβ. Specifically, 

Kim and co-workers observed a significant reduction in Aβ production in CHO cells 

expressing ABCG1 200. In contrast, in Human Embryonic Kidney (HEK) 293 cells carrying 

the human APPsw mutation, characterized by higher Aβ production, ABCG1 transfection 

is associated with an even more increased Aβ release 302. The reasons for this apparently 

contrasting evidence are probably related to the difference in the experimental cell models 

and the APP encoding sequence. However, ABCG1 possibly limits the production of 

wild-type APP, while mutant APP escapes the ABCG1-mediated regulation. ABCG1 

involvement in Aβ metabolism has been addressed using APP with the specific familial 

AD mutation overexpressing ABCG1, showing that its overexpression is not linked to an 

alteration in Aβ production, cholesterol efflux and apoE secretion, neither in cognitive 

functions 303. Another evidence, yet indirect and contrasting, comes from the observation 

that APP/PS1 Tg - LXRα/β -/- mice were characterized by a strong decrease in ABCA1 

and ABCG1 expression, that was associated with a significant reduction in Aβ deposition 

compared to LXRα/β-expressing littermates 254. Concerning human studies, a SNP in 

ABCG1 encoding sequence has been associated with AD risk in a Polish and Swiss cohort, 

which, however, wasn’t confirmed in other European populations 304.  
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Concerning ABCG4 involvement in AD pathogenesis, Uehara and co-workers 

demonstrated for the first time a close co-localization of Abcg4 mRNA in microglia near 

senile plaques of post-mortem brain tissues of AD patients 305. More recently, ABCG4 -/- 

mice showed reduced Aβ clearance due to lower export through BBB, together with a 

reduced desmosterol transport. Hence, ABCG4 ligand desmosterol may antagonize Aβ 

clearance 306. 

3.3.4. Receptors alterations 

Several experimental evidence from in vitro or in vivo studies, together with some 

evidence on humans from genetic studies helped in deciphering a possible involvement of 

lipoprotein receptors, mainly LDLR, VLDLR, apoER2 and LRP1 in AD pathogenesis.  

LDLR involvement in AD pathogenesis has been extensively investigated. Cao and co-

workers generated a Tg2576, LDLR -/- mouse model, highlighting that the absence of the 

receptor was associated, as expected, with hypercholesterolemia, but also with cerebral 

Aβ deposition, accompanied with hyperactivity, memory and spatial learning disabilities 

compared to Tg2576 mice expressing LDLR 307. Consistently, LDLR overexpression in 

mice is associated with a strong reduction in Aβ aggregation and higher Aβ clearance, 

accompanied by a reduction in neuroinflammatory biomarkers 308. Indeed, using primary 

murine astrocytes Basak and co-workers demonstrated that LDLR can directly bind Aβ, 

thus mediating its uptake and clearance through lysosomal degradation 309. Another 

physiological mechanism to degrade Aβ is through the BBB-mediated transport: at this 

regard, LRP1 involvement in BBB clearance has been extensively studied and will be 

reviewed in the next paragraph. Concerning LDLR, using a murine model expressing Aβ 

only in brain and investigating the brain efflux index, Castellano and co-workers revealed 

that also LDLR participates in the Aβ elimination from brain to blood 310. In this context, 

evidence on humans are more conflicting: despite some case-control studies revealing 

some SNPs in LDLR encoding sequence associated with increased AD risk, other studies 

failed in confirming such association. Recently, however, an association between 

haplotype GTT  and SNP rs688 and AD onset was found in females and males, 

respectively  311.  

ApoER2 involvement in the AD pathogenetic process has been highlighted by a 

preliminary observation of its overexpression in activated astrocytes near Aβ plaques 312. 

In addition, the protein F-spondin seems to mediate the extracellular interaction between 
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the central domain of APP and the reeler domain of apoER2 313. In this regard, the 

overexpression of apoER2 is associated with an increase in retained APP, which mainly 

localizes into lipid rafts, suggesting that apoER2 possibly influences APP processing by 

promoting their shift to membrane areas rich in lipid rafts, where BACE1 and γ-secretase 

are mainly expressed 16,314. In addition, apoER2 may impact APP metabolism by 

competing for protease binding: indeed, α-secretase can cleave apoER2, producing a 

soluble fragment that is furtherly cleaved by γ-secretase 315. Hence, apoER2 may limit the 

availability of proteases involved in APP processing. Another possible connection 

between apoER2 and APP metabolism comes from the observation that the cytoplasmatic 

protein disabled-1 (Dab1) is able to bind to both NPxY sequence of apoER2 and to APP 

intracellular domain, negatively affecting their metabolism 316. Interestingly, primary 

neurons treated with exogenous apoER2 ligand reelin showed an increased interaction of 

apoER2 and APP, thus highlighting a possible involvement of Dab1 in response to 

exogenous ligands in apoER2 and APP metabolization 316.  

To date, the direct experimental evidence supporting an alteration of VLDLR functionality 

in AD is still limited and mostly related to its involvement in the reelin signalling 

pathway, crucial for neuronal migration, synaptic plasticity and dendritic spine formation 

206.  Interestingly, using in vitro biochemical assays, it has been demonstrated that apoE Ɛ4 

tends to aggregate with Aβ, thus diverting the direct binding of the aggregate with LRP1 

to VLDLR, able to internalize apoE Ɛ4-Aβ complex more slowly and efficiently compared 

to LRP1 317.  

LRP1 involvement in AD pathogenesis has been investigated in several studies, either in 

pre-clinical in vitro and in vivo models and also in humans. One of the first pieces of 

evidence of direct involvement of LRP1 in amyloidogenesis comes from the observation 

that in H4 cells expressing human APP the inhibition of LRP1 results in an increase in 

APP and lower Aβ production 318. In contrast, neuronal cell lines overexpressing LRP1 

showed a reduction in Aβ processing and deposition as a consequence of the competition 

with APP for its processing 319. However, LRP1 major involvement in Aβ metabolism is 

related to its endocytic activity with consequent lysosomal degradation. Experiments 

conducted upon APP/PS1 mice lacking LRP1 confirmed a direct involvement of 

astrocytic and neuronal LRP1 in Aβ uptake and clearance 320. In addition, LRP1 mediates 

the active transport from brain tissue to periphery through BBB 321 and, noteworthy, also a 

peripheral expression of LRP1 may be involved in central Aβ processing. Indeed, as 
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explained by the “peripheral sink hypothesis”, peripheric and cerebral Aβ pools coexist in 

a peculiar equilibrium, where hepatic LRP1 binds and removes a large amount of 

plasmatic Aβ, that probably derives from the brain through BBB: at this regard, hepatic 

LRP1 overexpression in mice leads to reduced cerebral Aβ accumulation 212. However, 

despite the direct role of LRP1 in amyloid clearance, some experimental evidence 

suggested that excessive Aβ internalization is associated with cellular apoptosis, thus 

accelerating the neurodegeneration in AD 322. These observations clearly demonstrate the 

involvement of LRP1 in Aβ processing, despite further studies are still needed to clarify 

its role. Concerning evidence in humans, different studies identified a SNP in the LRP1 

encoding sequence (C766T) that is significantly associated with AD risk 323. Interestingly, 

the same polymorphism is associated with Aβ deposition and CAA323. Furthermore, a 

neuropathological study first observed an increased expression of LRP1 near Aβ plaques 

in AD brain compared to controls 324. Interestingly, in post-mortem analysis, LRP1 

expression was found to be decreased in neurons, paralleled by an increase in astrocytes 

and vessels near Aβ plaques in the hippocampus 325. An extremely relevant aspect 

concerns whether the variation of LRP1 expression occurs during the preclinical stage of 

AD, in parallel with the strong Aβ accumulation typical of this stage of the disease. In this 

regard, post-mortem brains of subjects with MCI revealed that hippocampal LRP1 

expression was lower compared to controls 326, thus suggesting a possible pathogenetic-

related mechanism of LRP1 involvement in AD.  

3.4 OXYSTEROLS BALANCE ALTERATIONS 

Given the important role of cholesterol in several processes involved in AD 

pathogenesis, and considering the relevant bioactivity of oxysterols as signalling 

molecules, it’s not surprising that oxysterol homeostasis has been found to be altered 

during AD development. One of the main pieces of evidence originates from the 

observation of a significant reduction in 24-OHC, paralleled by an increase in 27-OHC 

and 25-OHC in post-mortem brain of AD patients compared controls, accompanied by a 

reduction of CYP46A1 and increase of CYP27A1 enzymes 327. In addition, AD patients are 

characterized by an increase in plasmatic 24-OHC during the early phase of the disease, 

which progressively decreases with AD progression, together with an increase in CSF 24-

OHC and 27-OHC content, thus possibly representing novel disease biomarkers 328. So far, 

four SNPs in the intron 2 of CYP46A1 encoding sequence (rs754203, rs49000442, rs7157609 

and rs4900442) leading to lower CSF 24-OHC concentration have been associated with 
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increased AD risk and associated with apoE Ɛ4, despite the mechanism is still not clarified 

329.  Noteworthy, several experimental evidence suggests a possible involvement in 

CYP46A1 in ageing and memory function; in this regard, CYP46A1 -/- mice, characterized 

by lower 24-OHC, showed impaired learning ability due to deficient long-term 

potentiation (LTP) 330. The relevance of CYP46A1 is also highlighted by the extremely 

toxic consequences of its inhibition, leading to excessive neuronal cholesterol loading and 

apoptosis, with subsequent tissue atrophy in mice 331. Concerning Aβ metabolism, 

CYP46A1 activation with the subsequent 24-OHC formation in SH-SY5Y cells modulated 

APP processing, with an increase in the non-amyloidogenic pathway 332 and, consistently, 

in AD mice the intra-hippocampal injection of AAV containing CYP46A1 encoding 

sequence is associated with a reduction in Aβ plaques and with amelioration of learning 

and memory ability 333. Hence, this experimental evidence supports a possible 

involvement of CYP46A1 and its metabolite 24-OHC in cognition preservation and 

anatomopathological ameliorations in pre-clinical AD models, thus reinforcing the role of 

24-OHC as a disease-biomarker and possible pharmacological target. Focusing on 27-

OHC, different studies highlighted an association between alterations in its levels, 

cognitive deficits and AD 334. In this regard, CYP27A1 -/- mice fed with a high-fat diet 

showed amelioration in the altered memory functions induced by the diet, suggesting that 

27-OHC may be one of the main sterols involved in the well documented cognitive 

impairment related to dietary cholesterol 335. One possible explanation of this observation 

may be related to the impact of high levels of 27-OHC in dendritic spine density 

depletion, as observed both in vitro in primary cortical neurons isolated from rats as well 

as in CYP27A1 overexpressing mice 336  and, interestingly, dendritic spine alterations have 

been well documented in AD 29. In this regard, marked accumulation of 27-OHC has been 

measured in CSF and brain parenchyma of patients with the APP670/671 Swedish mutation, 

typical of EOAD 337. In addition, post-mortem analyses on AD brains confirmed an 

increased CYP27A1 activity compared to non-AD subjects, thus suggesting a specific 

disease-related increased 27-OHC production 327. The molecular mechanisms of these 

observations are still under investigation; in this regard, SH-SY5Y neuroblastoma cells 

treated with 27-OHC displayed an increased Aβ production and tau phosphorylation 338, 

together with ER stress 339. Intriguingly, a recent study showed a possible involvement of 

27-OHC also in glucose neuronal hypometabolism, a typical AD feature 121, highlighting 

that in mice 27-OHC is able to affect brain Insulin-regulated aminopeptidase 

(IRAP)/Glut4 and Renin-Angiotensin system (RAS), thus altering several relevant 
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cerebral functions such as memory, Spatio-temporal leaning, emotional responses and 

sensory information, together with glucose uptake 340. Hence, considering the relevance of 

oxysterols, mainly 24-OHC and 27-OHC, in pre-clinical models of AD and human studies, 

several pharmacological approaches targeting both CYP46A1 and CYP27A1 are currently 

under investigation. As an example, anastrozole, able to inhibit CYP27A1 is able to reduce 

27-OHC levels in rats, and CYP46A1 enhancing agent efavirenz was associated with a 

reduction in Aβ deposition and neuroinflammation in 5XFAD mice, together with 

amelioration in rodents’ cognitive functions 334.  

3.5 PCSK9 INVOLVEMENT IN AD 

As described in chapter 2.5.2, PCSK9 may modulate several relevant processes for 

brain homeostasis, thus being possibly involved also in neurodegenerative processes of 

AD, despite, to date, still limited and controversial evidence being available. PCSK9 role 

in modulating neuronal apoptosis has been highlighted by several in vitro and in vivo 

studies 245. Interestingly, Zhao and co-workers observed that hippocampal neuronal 

apoptosis occurring in hypercholesterolemic apoE-/- mice subjected to a high-fat diet was 

paralleled by a concomitant increase in PCSK9 expression 341. Similarly, in mice with brain 

ischemia and subsequent cerebral damage, the inhibition of PCSK9 expression through 

sh-RNA is associated with a lower neuronal apoptotic rate, possibly through apoER2-

mediated signalling 342. Conversely, a possible anti-apoptotic activity of PCSK9 may be 

related to its involvement in Aβ generation process. Indeed, an increased brain BACE1 

expression and Aβ deposition have been observed in PCSK9 -/- mice and, consistently, its 

overexpression was associated with reduced cerebral BACE1 levels 343. Recently, however, 

Apaijai and co-workers demonstrated that PCSK9 inhibitor administration in rats before 

the induction of cardiac ischemic/reperfusion injury and consequent brain damage is 

associated with a reduction in  Aβ formation, dendritic spine loss and microglial 

activation 249. Another possible mechanism by which PCSK9 may be involved in AD-

related neurodegeneration is due to its ability to target several cholesterol-related genes 

already studied for their link with AD. In this regard, a degrading activity of PCSK9 on 

LRP1 has been well-documented on hepatocytes and vascular cells 227. Since LRP1 

expression has been reported in several cerebral cell types, such as neurons, astrocytes, 

brain vascular cells 212, it’s conceivable to hypothesize a PCSK9-mediated regulation of 

LRP1 levels also in these districts. LDLR is another well-described PCSK9 target and, in 

this regard, LDLR-/- mice are characterized by a reduction in proliferating hippocampal 
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neurons as well as in the number of active presynaptic boutons and impaired neurites 

outgrowth compared to WT mice, accompanied by an impairment in memory and 

learning functions 344. PCSK9 is also able to increase scavenger receptor CD36 expression, 

as observed in mouse peritoneal macrophages 345. Noteworthy, CD36 in microglial cells 

and astrocytes is able to bind and mediate the clearance of Aβ fibrils; at this regard, 

Stewart and co-workers demonstrated that  CD36 can be considered as a co-receptor in 

toll-like receptors (TLRs) 4 and 6 heterodimerizations, fundamental to propagate the 

neuroinflammatory cascade involved in neurodegeneration 86. Despite the available 

evidence on the pre-clinical model pointing to a possible involvement of PCSK9 in AD-

related neurodegeneration, to date, the available studies conducted in humans are more 

ambiguous. Indeed, PCSK9 was first listed among different cholesterol-related genes 

associated with AD in the AlzGene dataset 346, despite, to date, LOF mutations rs11583680,  

InsLEU and R46L in PCSK9 encoding sequence weren’t associated with AD risk in 

different cohorts of Japanese and French Canadian patients, respectively 347,348. Similarly, 

in Afro-American participants of the Reasons for Geographic and Racial Differences in 

Stroke (REGARDS) carrying or not the LOF PCSK9 variants C697X and Y142X, no 

differences were retrieved in neurocognitive functions 349. On the other side, studies 

conducted in 111194 patients from the Copenhagen City Heart Study with GOF PCSK9 

mutation rs505151 excluded an increased AD risk 350. Recently, it was shown that only 

female subjects with the rs499718 and rs4927193 PCSK9 variants are characterized by an 

increased risk for LOAD onset  351, that, however, still need to be deeply investigated. A 

study conducted in our laboratory highlighted increased PCSK9 concentrations in CSF of 

AD subjects compared to controls, in which, interestingly, apoE Ɛ4 carriers showed the 

highest PCSK9 values 287. Additionally, Picard and co-workers observed an increase in 

PCSK9 expression in post-mortem LOAD patients compared to controls specifically in the 

frontal cortex brain area  351.  

Finally, given the high efficacy of the currently available anti-PCSK9 mAbs evolocumab 

and alirocumab in reducing circulating PCSK9 and LDL-C 239,240, some concerns were 

raised about some possible neurological side effects. In this regard, the Ebbinghaus study 

followed for 19 months 1204 patients receiving either evolocumab or placebo, which 

didn’t highlight significant differences in neurocognitive functions 352. A similar result 

was recently confirmed in 2086 patients treated with alirocumab or placebo, with a 

follow-up of 96 weeks 353. An extension of the FOURIER trial, with a 5-year follow-up, is 
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currently ongoing, possibly clarifying the long-term effect of PCSK9 mABs on cognitive 

functions (ClinicalTrials.gov Identifier: NCT02867813). One possible explanation of the 

absence of neurocognitive effects derived from PCSK9 mABs administration may be 

related to the presence of BBB that, if intact, limits plasmatic LDL-C, PCSK9 and PCSK9 

mABs passage to the CNS. However, so far no alterations in cognitive functions in 

evolocumab-treated patients with diabetes, a disease that induces alterations in BBB, have 

been observed 352. Hence, investigating the impact in neurocognition of small, lipophilic 

PCSK9 inhibitors able to cross BBB would be of great interest.
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AD represents the most common form of dementia and constitutes one of the most 

lethal and burdening pathological condition, with an estimated prevalence of about 50 

million people worldwide, which is expected to furtherly increase in the next years 4,5. 

Different studies focused on the etiopathological processes concurring to the AD 

development, currently considered a multifactorial disease, but, to date, the underlying 

causes are not fully defined. Different coexisting hypotheses describe the pathological 

alterations that characterize AD, and, among them, the Aβ deposition 12,13, the tau 

hyperphosphorylation with consequent NFT formation 37,38,  neuroinflammation 75–77 and 

several mutations on specific AD-related genes 14,53–55 are worth noting. In addition, recent 

GWAS studies identified several variants of genes involved in lipid metabolism that are 

associated with AD 61. Among these, it has been estimated that about 40% of AD patients 

carry the Ɛ4 isoform of the apoE encoding gene, thus highlighting that apoE Ɛ4 represents 

a strong risk factor for AD 60. Interestingly, apoE plays a key role in brain homeostasis, 

being involved in different processes including the maintenance of synaptic plasticity, the 

regulation of Aβ aggregation process, together with its relevant involvement in cerebral 

lipid metabolism 60. This evidence thus markedly support the hypothesis of possible 

involvement of lipid metabolism, and mainly of cholesterol, in AD pathogenesis. 

Specifically, CNS is considered the most cholesterol-enriched bodily compartment 126, and 

indeed cholesterol plays a fundamental role in its homeostasis, being involved in 

neuronal development, in neurite outgrowth, synaptogenesis, plasticity and in the repair 

of damaged membranes 130. As follows, brain cholesterol homeostasis alterations are 

associated with different neurodegenerative diseases, including AD 133,137,138,140. In 

particular, brain relies on in situ cholesterol synthesis, due to its inability to overcome BBB 

126,167. While neuronal cholesterol biosynthesis rate is high during the early phases of 

development 169, it greatly decreases in adult neurons, that thus strongly depend on 

cholesterol synthesized by astrocytes for their cholesterol needs 170. Brain cholesterol 

transport represents therefore a fundamental aspect of cerebral homeostasis and relies on 

the cooperation of specific molecules, transporters and receptors. Briefly, cholesterol 

synthesized from astrocytes is complexed with astrocyte-secreted apoE, thus originating 

apoE-containing lipoparticles, through the interaction with ABCA1, ABCG1 and ABCG4 

transporters and remodelling enzymes 186. Those particles furtherly interact with LDLR, 

LRP1, VLDLR and apoER2 on of neurons 187, thus supplying their cholesterol need. In this 

context, the protein PCSK9, beyond its well-known ability to modulate plasma LDL-C 

levels, also exerts several extra-hepatic effects, being expressed by different tissues, 
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including brain, where it was first identified 243. Different pre-clinical evidence supports a  

direct involvement of PCSK9 in several relevant processes in CNS, including the 

promotion of neuronal differentiation 243,246, apoptosis (despite its role is still unclear) 247–

249, neuroinflammation 249 and also cholesterol homeostasis, as lipoprotein receptors may 

be sensitive to the degrading activity of brain PCSK9, as in peripheral tissues 250–252,344,345. 

To date, the available studies conducted in humans are however more ambiguous. 

Indeed, PCSK9 was first listed among different cholesterol-related genes associated with 

AD in the AlzGene dataset 346, despite, to date, different identified LOF or GOF mutations 

in PCSK9 encoding sequence weren’t found to be associated with AD risk 347–350.  

Particularly, the present research work stems from the previous observation derived from 

a study conducted in our laboratory, that demonstrated increased PCSK9 concentrations 

in CSF of AD subjects compared to controls 287. Interestingly, PCSK9 levels were higher in 

apoE Ɛ4 carriers 287. A similar observation was also reported by others, highlighting an 

increased PCSK9 expression in post-mortem AD cerebral tissues compared to controls 351. 

The available data, although still controversial, overall suggest a possible link between 

PCSK9 and AD. 

This research project is aimed at investigating and clarifying the potential involvement of 

PCSK9 in AD pathogenesis, by exploring the possible mechanisms by which it may 

interfere with brain cholesterol homeostasis and thus identifying PCSK9 as a new possible 

pharmacological target for the development of future therapies. 

To this aim, a translational study has been carried out by following three experimental 

approaches, involving in vitro and ex vivo studies.  

The first part of the study aims at investigating the possible deleterious influence of 

PCSK9 on the key steps of brain cholesterol transport from astrocytes to neurons, based 

on the possible degrading effect on lipoprotein receptors. Specifically, PCSK9 impact on 

the most relevant processes involved in brain cholesterol metabolism, including the 

endogenous cholesterol biosynthesis, the efflux from astrocytes and the final cholesterol 

uptake by neurons, has been evaluated through in vitro models of astrocytes and neurons. 

Furthermore, the incubation with Aβ1-42 fibrils simulated in vitro the typical pathological 

alterations retrieved in AD. In addition, with this specific experimental setting, PCSK9 

impact on neuronal viability has been assessed, as neuronal loss is extremely relevant for 

AD pathogenesis.  

Secondly, the study explored the impact of PCSK9 on plasma and brain lipid levels in 

transgenic mice model of AD lacking PCSK9, specifically generated within this project. In 
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particular, an ex vivo study has been set up, aiming at evaluating the main sterol-related 

parameters, such as cholesterol and hydroxysterols levels, in serum and brain specimens. 

The main objective of these analyses is therefore to explore and clarify the possible 

interaction between PCSK9, AD and lipid metabolism, and to investigate if the possible 

functional alteration of brain cholesterol transport observed through in vitro studies may 

be reflected also in a pre-clinical model of the disease. Indeed, while cholesterol 

homeostasis alterations have been widely described in AD 137,139, disease-linked variations 

of hydroxysterols balance have been postulated only recently in pre-clinical studies 327–329. 

Hydroxysterols, mainly 24- and 27-OHC, are indeed considered bioactive molecules due 

to their ability to modulate different transcriptional pathways, linked to either cholesterol 

homeostasis 155,220,221,327,336 but also to apoptosis 331 and Aβ metabolism 332,333.  

Finally, in the last part of the present research project, a case-control study has been 

performed by recruiting subjects with different degrees of cognitive impairment. In 

particular, PCSK9, cholesterol and hydroxysterols were measured in CSF and serum of 

the above-mentioned subjects, to investigate a possible association between PCSK9 

measurements, lipid-related parameters and the specific neurobiomarkers normally 

adopted for AD diagnosis, as well as with patients’ apoE genotype.  

The results of this translational study, articulated through three approaches including in 

vitro studies as well as ex vivo analyses of samples from both animal and humans 

specimens will help to define the role of PCSK9 in cerebral cholesterol homeostasis, thus 

offering the bases to clarify its potential involvement in AD pathogenesis. Furthermore, 

understanding the molecular mechanisms involved in the possible PCSK9-derived 

disturbance of cerebral lipid homeostasis may pave the way for the identification and 

development of specific promising pharmacological approaches.  
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1. INFLUENCE OF PCSK9 ON CHOLESTEROL 

HOMEOSTASIS: IN VITRO EVIDENCE 

1.1 GENERAL PROCEDURES 

The in vitro studies were conducted upon two human immortalized cell lines: 

human astrocytoma U373 cells and human neuroblastoma SH-SY5Y cells, as cellular 

models of astrocytes 354 and neurons 355, respectively.  

1.1.1 Cell cultures 

Cell culture analyses were carried out in sterile conditions inside an incubator 

(Euroclone, Italy), which guarantees the optimal culturing conditions (37°C and 5%CO2). 

For cell manipulation, a laminar flow biological safety cabinet (Angelantoni Life Science, 

Italy) was used, together with sterile disposable plastics (adhesion flasks suitable for cell 

culture, serological pipettes, tips, plastic tubes and plates).  

Human U373 astrocytoma cells were identified and validated through the Cell Line 

Authentication Test (CLA; Eurofins Genomics Europe Applied Genomics GmbH, 

Germany) before the start of the experiments. Briefly, DNA isolation was carried out from 

cell pellet and the genetic characteristics were determined by PCR-single-locus-

technology, confirming a 100% correspondence with the original American Type Culture 

Collection (ATCC) certified DNA and our cytogenetic analysis (Table 1). U373 cells were 

cultured in Dulbecco’s Modified Eagle Medium (DMEM; Euroclone, Italy), supplemented 

with 2% v/v of L-Glutamine (Thermo Fisher Scientific, MA, USA), 1% of an antibiotic 

solution composed by Penicillin/Streptomycin (Thermo Fisher Scientific, MA, USA) and 

10%v/v of heat-inactivated Fetal Calf Serum (FCS; Euroclone, Italy). U373 cells were sub-

cultivated twice per week, using sterile Phosphate Buffer Saline solution (PBS; Euroclone, 

Italy) before the incubation with a sterile trypsin-EDTA solution (Thermo Fisher Scientific, 

MA, USA) for about 2-3 minutes to detach cells. U373 were centrifuged for 5 minutes at 

1500 revolutions per minute (rpm) and then resuspended in a fresh cultured medium.  

Human control and PCSK9-overexpressing SH-SY5Y neuroblastoma cells were 

specifically generated for this research project in collaboration with Professor N. Ferri 

from the University of Padua. Specifically, SH-SY5Y cells were retrovirally transduced to 

overexpress human PCSK9 and, in particular, retroviral expression plasmid has been 
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constructed using the pBM-IRES-PURO, expressing the puromycin resistance gene as a 

selectable second cistron gene. Human PCSK9-FLAH tag cDNA was kindly provided by 

Professor P. Tarugi from the University of Modena and Reggio Emilia, and subcloned into 

retroviral expression plasmid by blunt-end ligation 356. Similarly to U373 cells, control and 

PCSK9-overexpressing SH-SY5Y cells were identified and validated through CLA 

(Eurofins Genomics Europe Applied Genomics GmbH, Germany) before starting the 

experiments. With the same experimental procedure previously described, a 100% 

correspondence with the original ATCC certified DNA and our cytogenetic analysis was 

confirmed in both the two analysed SH-SY5Y cell lines (Table 1). SH-SY5Y control and 

PCSK9-overexpressing cells were cultured in Dulbecco’s Modified Eagle Medium 

(DMEM; Euroclone, Italy), supplemented with 2% v/v of L-Glutamine (Thermo Fisher 

Scientific, MA, USA), 1% of an antibiotic solution composed by Penicillin/Streptomycin 

(Thermo Fisher Scientific, MA, USA) and 20%v/v of heat-inactivated FCS (Euroclone, 

Italy). SH-SY5Y cells were sub-cultivated twice per week, using sterile PBS (Euroclone, 

Italy) before the incubation with a sterile trypsin-EDTA solution (Thermo Fisher Scientific, 

MA, USA) for about 2-3 minutes to detach cells. U373 were centrifuged for 3 minutes at 

1000 rpm and then resuspended in a fresh cultured medium. Before each experimental 

procedure, SH-SY5Y cells were plated and terminally differentiated to neurons with 10µM 

all-trans retinoic acid (ATRA) for 6 days in DMEM supplemented with 1% v/v FCS, 

adding fresh medium every two days 357. Control and PCSK9-overexpressing SH-SY5Y 

cells were previously characterized for their PCSK9’s gene and protein expression, as well 

as for the secretion of PCSK9 enzyme in culture media. RT-PCR, Western Blot and ELISA 

assays, indeed, confirmed a marked increase in PCSK9 gene and protein expression 

(p<0.001 and p<0.01, respectively), together with a strong increase in PCSK9 release in 

culture medium as compared to control SH-SY5Y (p<0.0001), in which the enzyme was 

barely detectable. Similarly, the expression of the main lipoprotein receptors has been 

evaluated in SH-SY5Y cells, confirming a significant reduction in both LDLR and apoER2 

in PCSK9-overexpressing SH-SY5Y as compared to controls (-60% and -37.5%, 

respectively; data not shown). 
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Table 1. Authentication of U373, SH-SY5Y CTRL AND SH-SY5Y PCSK9 cell lines. DNA isolation was 
carried out starting from cells pellet and the genetic characteristics were determined by PCR-single-
locus-technology, confirming a 100% correspondence with the original American Type Culture 
Collection (ATCC) for all the three considered cell lines.  

 

1.1.2 Aβ1-42 oligomers and fibrils preparation 

The Aβ1-42 oligomers and fibrils preparation procedure was carried out in sterile 

conditions under the laminar flow biological cabinet, following a protocol previously 

used in literature 358. The commercial Aβ1-42 peptide (Cayman Chemical, MI, USA) was 

resuspended in Hexafluoroisopropanol (HFIP; Merck, Germany) to a final concentration 

of 1mg/ml. This initial passage is fundamental to resuspend and monomerize the random 

pre-existing dried Aβ1-42 aggregates. HFIP was then allowed to evaporate under a nitrogen 

stream and the resulting dried peptide film was resuspended in DMSO, with a final 

 

Markers 

U373 

Cell line 
authentication 

SH-SY5Y CTRL 

Cell line 
authentication 

SH-SY5Y PCSK9 

Cell line 
authentication 

Amelogenin X,Y X,X X,X 

CSF1PO 11,12 11,11 11,11 

D13S317 10,11 11,11 11,11 

D16S539 12,12 8,13 8,13 

D5S818 11,12 12,12 12,12 

D7S820 10,12 7,10 7,10 

TH01 9.3, 9.3 7,10 7,10 

TPOX 8,8 8,11 8,11 

vWA 16,18 14,18 14,18 

D8S1179 13,15 15,15 15,15 

D21S11 29,30 31, 31.2 31, 31.2 

D3S1358 16,17 15,16 15,16 

D2S1338 22,24 17,19 17,19 

D19S433 13,15 13,14 13,14 

D18S51 13,13 13,16 13,16 

FGA 21,25 23.2, 24 23.2, 24 
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concentration of 5mM. The obtained solution was then water-bath sonicated for 10 

minutes to completely dissolve the eventually present random aggregates.   

The Aβ1-42 oligomers (2–3 nm diameter) were prepared starting from bath-sonicated Aβ1-42 

monomers, by diluting the 5mM DMSO solution in a 7.4 pH buffer, composed by 50mM 

phosphate buffer and 150mM NaCl, to a final 100µM concentration. The obtained solution 

was incubated at 4°C for 24 hours, then stored at -20°C until use. 

The Aβ1-42 fibrils (3–4 nm diameter) were prepared starting from bath-sonicated Aβ1-42 

monomers, by diluting the 5mM dimethyl sulfoxide (DMSO) solution in HCl 10mM with 

pH 2 to a final 100µM concentration. The obtained solution was incubated at 37°C for 72 

hours, then stored at -20°C until use. Finally, Atomic Force Microscopy (AFM) was used 

to verify the actual and correct formation of the Aβ1-42 fibrils, in collaboration with the 

Institute of Materials for Electronics and Magnetism (IMEM) of the Consiglio Nazionale 

delle Ricerche of Parma. Briefly, one drop of freshly-prepared Aβ1-42 fibrils at a 

concentration of 10µM were incubated on a freshly—cleaved mica disk for 1-2 minutes, 

then the excess water was removed, the disks were dried under a nitrogen stream, and 

finally analyzed. As shown in Figure 1, the fibrillar preparation was extremely aggregated 

near the centre of the analyzed drop (right panel) and more diluted in the marginal zones 

of the drop. Importantly, the shape and size of the obtained Aβ1-42 fibrils were similar to 

images previously reported in literature 358,359.  

FIGURE 1 

 

Figure 1. Aβ1-42 fibrils visualization through AFM. A drop containing Aβ1-42 fibrils with a final concentration of 10 
µM in H2O was incubated on freshly-cleaved mica disks for about 1-2 minutes. Excess H2O was then removed 
and the disks were dried under a nitrogen stream. The samples were then visualised through AFM. The figure 
on the left refers to Aβ1-42 fibrils located on the marginal zone of the analyzed drop, while the right figure 
refers to more aggregated Aβ1-42 fibrils in the centre of the drop.  
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1.1.3 rHDL-apoE preparation 

Reconstituted HDL (rHDL) containing apoE, similar to the HDL-like particles 

retrieved in the human CSF, able to mediate in vitro cholesterol transport between 

astrocytes and neurons, were prepared following a protocol previously published 360. 

Specifically, rHDL-apoE were prepared with the cholate dialysis procedure, using a Tris-

HCl buffer solution composed of 10mM Tris-HCl, 140mM NaCl and 1mM EDTA, with a 

verified pH of 7.4. rHDL liposomes contained apoE/lecithin/cholesterol with a molar 

ratio of 1:100:2 and were prepared starting from a lipid mixture of unlabeled cholesterol 

(Merck, Germany), lecithin (Merck, Germany) and [1-23H]Cholesterol (Perkin Elmer, MA, 

USA), with an activity of 1mCi/ml, if needed by the experimental protocol. The mixture 

was further dried under a nitrogen stream. Then, the proper amount of apoE (Peprotech 

EC, UK) dissolved into Tris-HCl buffer with a concentration of 1mg/ml was added to the 

dried components, thus reaching the final concentration of apoE of 10µM. A final volume 

of 0.7 ml was then reached by adding Tris-HCl buffer. Then, a sodium cholate solution 

with a concentration of 725 nM, was added, following a molar ratio of lecithin : sodium 

cholate [1:8], to promote the formation of liposomes. The suspension was mixed for 2 

minutes at room temperature, until reaching a clear solution. Then, the mixture was 

incubated for additional 2 hours at room temperature under a mild shaking and then 

extensively dialyzed for 48 hours at 4°C with Tris-HCl buffer, in order to remove the 

excess cholate. Finally, the obtained dialysate solution containing liposomes was brought 

to the final volume (e.g: 1ml) and then filtered to sterilize the preparation. To evaluate the 

non-apoE-mediated uptake of rHDL-contained cholesterol, a parallel identical solution, 

without apoE, was prepared. Furthermore, to evaluate cholesterol efflux from U373 cells, 

an identical preparation not containing [1-23H]Cholesterol was prepared. Protein 

concentration was detected through the Lowry colourimetric Assay as described in 

section 1.4.1. 

rHDL-apoE liposomes were preliminarily tested by evaluating their ability to promote 

cholesterol efflux through the specific membrane transporters. Indeed, following the 

above-mentioned experimental protocol, rHDL-apoE should be characterized by an 

average size of about 9nm 360, similarly to spherical and mature HDLs, known to promote 

cholesterol efflux by interacting with ABCG1 transporter and through the aqueous 

diffusion process 361. As expected, rHDL-apoE [10µM] were able to efficiently promote 

ABCG1-mediated cholesterol efflux as well as the aqueous diffusion process. On the other 
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side, as expected, rHDL-apoE ability to promote ABCA1-mediated cholesterol efflux was 

extremely low (data not shown).  

1.2 CHOLESTEROL METABOLISM ASSAYS  

The impact of PCSK9 on different cholesterol-related parameters in human U373 

astrocytoma cells as well as in human neuroblastoma cells overexpressing or not PCSK9 

was carried out through in vitro assays, aimed at evaluating the possible functional 

alterations, with radioisotopic and fluorometric techniques. For the most relevant 

parameters, the molecular analysis of the expression of specific receptors and transporters 

was performed.  

1.2.1 Endogenous cholesterol biosynthesis  

Endogenous cholesterol biosynthesis was evaluated by monitoring and 

quantifying the incorporation of a radioactive precursor (14C-acetate) in the intracellular 

cholesterol synthetic process, adopting a protocol previously used in our laboratory to 

quantify cholesterol synthesis in cultured macrophages 362. In particular, U373 cells were 

seeded with a density of 200000 cells/well in 12-well plates (Corning, MA, USA). After 24 

hours, cells were treated, based on the specific experimental protocol, with DMEM 

supplemented either with 1% v/v (referred to as “basal”) or 5%v/v and PCSK9 [5µg/ml] 

or activated simvastatin [10µM] for additional 24 hours. On the other side, SH-SY5Y 

control or PCSK9-overexpressing neuroblastoma cells were seeded in 12-well plates 

(Corning, MA, USA) with a density of 300000 cells/well. After the 6 days incubation with 

ATRA as previously described, cells were treated with a solution composed of DMEM 

supplemented with 1% v/v FCS (referred to as “Basal”) or 5%v/v and Aβ1-42 fibrils [1µM] 

or activated simvastatin [10µM], based on the specific experimental conditions, for 24 

hours. Subsequently, both U373 and SH-SY5Y cells were incubated for other 24 hours 

with a solution of DMEM supplemented with 0.5% v/v of sodium acetate (with an initial 

concentration of 8mg/ml), 0,2% v/v 14C-Acetate (with a radionuclide activity of 

1mCi/ml), 0,4% v/v of FCS and, based on the specific experimental conditions with 

human recombinant PCSK9 [5µg/ml], Aβ1-42 fibrils [1µM] or activated simvastatin [10µM]. 

The supernatant was then removed and the cell monolayer was washed with PBS, to 

remove any culture medium leftover.  
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The cell monolayer was then incubated overnight at 4 °C with 1ml/well of NaOH 0.1M, 

which promotes cell lysis and the release of cellular content in the suspension. Then, lipid 

extraction was carried out in a glass tube, previously cleaned with 0.2ml of a Methanol 

and Chloroform [1:2] solution for 2h at 60°C, until the complete evaporation. Specifically, 

850µl of cell lysate, 400µl of an aqueous solution of KOH 50%w/v, 10µl of a solution of 

2mg/ml of unlabeled cholesterol (Merck, Germany) dissolved in Ethanol, 10µl of a 

solution of [1-23H]Cholesterol (Perkin Elmer, MA, USA), containing a total of 105 counts 

per minutes, and 2ml of ethanol were added into the previous-mentioned glass tube and 

incubated at 60°C for 1h, mixing each glass tube for 15’’ every 15 minutes. Once cooled, 

the lipid extraction was then carried out by adding to each glass tube 2ml of ethanol, 

400µl of deionized H2O and 3ml of Petroleum Ether 40°-60°. Tubes were vortexed for 30’’ 

and then the upper organic phase was collected with a glass Pasteur pipette and placed 

into a new glass tube. The operation was repeated with other 2ml of Petroleum Ether 40°-

60°. Finally, the obtained organic solution containing the cellular lipid content was 

allowed to dry under a nitrogen stream.  

The extracted and dried lipid phase was then resuspended into 65µl of Hexane and 

vortexed for 30’’ to fully resuspend the sample; then 40µl of the so-obtained solution were 

seeded onto a thin liquid chromatography (TLC) glass plate. This latter is placed in the 

TLC tank, saturated with 50 ml of a mixture of Petroleum Ether 40°-60°, Diethyl ether and 

Acetic acid with a volume ratio of [70:30:1] for about one hour, then furtherly transferred 

into a new tank saturated with Iodine (I2) that binds to the specific regions of the TLC 

plate in which free cholesterol is embedded, visualised thanks to the yellowish colour. 

Finally, using a scalpel, the specific regions of the TLC plate containing cholesterol were 

scratched and collected in specific vials suitable for radioactive quantification, as the 

newly-synthesized cholesterol corresponds to the 14-C quantification in the isolated free 

cholesterol region of the TLC plate. Results were then expressed as total 14C cpm on the 

total protein content of each sample.  

The total amount of proteins in each cell monolayer was quantified after cell lysis using 

the Pierce Bicinconinic Acid (BCA) Assay (Thermo Fisher Scientific, MA, USA), as 

described in section 1.4.2.   
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1.2.2 Lipoprotein receptors expression 

Lipoprotein receptors LDLR and apoER2 expression have been evaluated through 

Western Blot analyses in collaboration with Professor N. Ferri from the University of 

Padua. Specifically, U373 cells were plated in a 6-wells plate (Corning, MA, USA) with a 

density of 500000 cells/well and, 24 hours later, cells were treated with a solution 

composed of DMEM supplemented with 1% FCS (referred to as “Basal”) and human 

recombinant PCSK9 [5µg/ml] for additional 48 hours, the last 24 of which with additional 

Aβ1-42 fibrils [1µM] in the required conditions. Cell monolayers were then incubated for 5’ 

in ice with the Ripa Buffer solution supplemented with a Protease Inhibitor Cocktail 

(Merck, Germany), followed by a vigorous scraping to fully promote cell lysis. The cell 

suspension was then centrifuged in 1.5ml tubes (VWR, PA, USA) at 10000 rpm, 4°C for 10 

minutes and the supernatant was finally collected.  

Total protein content was then quantified through the Pierce Bicinconinic Acid (BCA) 

Assay (Thermo Fisher Scientific, MA, USA), as described in section 1.4.2.   

Subsequently, 40µg of each sample were loaded in precast sodium dodecyl sulphate-

polyacrylamide gel electrophoresis (SDS-PAGE; BioRad, CA, USA) with a density 

gradient of 4-12%, enriched with 6.5µl of Sample Buffer (Thermo Fisher Scientific, MA, 

USA) as a sample dye. The SDS-PAGE gel was then soaked in the electrophoresis tank, 

filled with a specific Tris/Glycine/SDS Running Buffer (BioRad, CA, USA) and a voltage 

of 100V for about 1.5 hours was applied to separate proteins based on their molecular 

weight. The gel was then removed from the electrophoresis apparatus and soaked in 

Tris/Glycine/Methanol Transfer Buffer for about 10’. Subsequently, a “sandwich” was 

assembled by combining the SDS-PAGE with a polyvinylidene-fluoride membrane 

(PVDF; BioRad, CA, USA) previously activated in methanol, two layers of filter papers 

and two sponges, removing any air bubble eventually present. The so-formed sandwich 

was placed into the transfer tank, filled with Transfer Buffer and a voltage of 100V was 

applied for 2 hours, to allow the protein embedded in the SDS-PAGE to transfer into the 

PVDF membrane. PVDF membrane was then incubated for 1 hour at room temperature in 

a solution composed of TrisHCl, NaCl and TritonX-100 (TBS-T) supplemented with a 5% 

w/v of non-fat dried milk (BioRad, CA, USA). The membrane was then rinsed 3 times 

(about 15 minutes each) with TBS-T solution and subsequently incubated for 18 hours at 

4°C with the primary antibody solution, composed by TBS-T buffer supplemented with 
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1% w/v of non-fat dried milk and the diluted primary antibody (LDLR and apoER2 from 

Novus Biological, MN, USA, and housekeeping protein β-Actin from Merck, Germany). 

The optimal dilution was obtained following the manufacturer's instructions. The 

membrane was then rinsed 3 times (about 10 minutes each) with the TBS-T solution and 

furtherly incubated with the secondary antibody solution, composed by TBS-T 

supplemented with 1% w/v of non-fat dried milk and the diluted secondary antibody 

(VWR, PA, USA), able to recognize the specific epitope upon the primary antibiotic. 

Finally, the membrane was rinsed again as previously described, to get rid of any 

antibody residual, and freshly reconstituted ECL reagent (Thermo Fisher Scientific, MA, 

USA) was incubated at dark for 1-5 minutes. The membrane was then analyzed using 

ChemiDoc (BioRad, CA, USA) chemiluminescent imaging system and protein 

quantification was finally obtained by measuring the pixels in each band through ImageJ 

Fiji software 363. 

1.2.3 rHDL-apoE-mediated cholesterol internalization 

Cholesterol internalization was evaluated by measuring the radioactivity in cell 

monolayers following the incubation with rHDL-apoE containing radiolabelled 

cholesterol. Briefly, U373 cells were seeded in a 24-wells plate (Sarstedt, Germany), with a 

density of 100000 cells/well and treated with human recombinant PCSK9 [5µg/ml] for 48 

hours. On the other side, SH-SY5Y control and PCSK9-overexpressing neuroblastoma 

cells were seeded in a 24-well plate (Sartsted, Germany) with a density of 300000 

cells/well and incubated for 6 days with DMEM supplemented with 1% FCS and All 

Trans-Retinoic Acid (ATRA) [10µM], adding fresh medium every two days, to allow SH-

SY5Y to revert their phenotype into fully-differentiated neurons 357. Both U373 and SH-

SY5Y cells were treated with a solution composed of DMEM supplemented with 5% v/v 

of LPDS for 48 hours, the last 24 of which with additional Aβ1-42 fibrils [1µM] in the 

required conditions. Then, DMEM supplemented with either rHDL-apoE [10µg/ml] or 

rHDL not containing apoE, prepared as described in section 1.1.3, and containing a small 

amount of [1-23H] Cholesterol, was incubated for 4hours at 37°C, to allow reconstituted 

HDL particles to interact with lipoprotein receptors, if expressed, being thus internalized 

into astrocytes. Cell monolayers were washed with PBS, to remove any possible residue of 

culture medium, and then incubated for 18 hours at 4°C with 300µl/well of NaOH 1N, to 

promote cellular lysis 157. An aliquot of 100µl for each sample was finally collected to 

quantify the radioactivity inside the cell monolayers, which is proportional to the apoE-
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mediated cholesterol internalization, while another aliquot of 25µl was used to quantify 

the total protein content in cell monolayers through BCA assay, as described in section 

1.4.2. Results were finally expressed as cpm on total protein content. 

1.2.4 Intracellular cholesterol content  

Intracellular cholesterol content was evaluated through its quantification in cell 

monolayers with a commercially available kit. Specifically, U373 cells were seeded in a 24-

wells plate (Sarstedt, Germany), with a density of 100000 cells/well. After 24 hours, cells 

were treated with a solution composed of DMEM supplemented with 1% v/v of FCS 

(referred to as “Basal”) and human recombinant PCSK9 [5µg/ml] for other 48 hours, the 

last 24 of which with additional Aβ1-42 fibrils [1µM] in the required conditions. Cell 

monolayers were then incubated for 18h at 4°C with 250µl of a solution composed of 

Sodium chloride 0.05M, Cholic acid 5mM and TritonX-100 0.1% v/v and 50U/ml of 

Deoxyribonuclease I from bovine pancreas (Merck, Germany) to promote cell lysis. 62.5µl 

of Reaction Buffer provided by the commercial kit Amplex® Red Cholesterol assay 

(Thermo Fisher Scientific, MA, USA) were then added to each well and incubated for an 

additional 30’. Cell lysis was furtherly promoted through mechanical homogenization, 

then samples were transferred to 1.5ml tubes (VWR, PA, USA), bath-sonicated for 30’ and 

incubated for other 30’ at 60°C. The cholesterol content of each sample was finally 

quantified through the fluorescent Amplex® Red Cholesterol assay kit following the 

manufacturer's instructions. Briefly, following the incubation for 30’ of a small sample 

aliquot (50µl) with 50µl of the Amplex Red solution (300 μM Amplex® Red fluorescent 

dye, 2U/ml Cholesterol oxidase, 0.2U/ml Cholesterol esterase and 2U/ml Horseradish 

Peroxidase, all dissolved in Reaction buffer), fluorescence was recorded after 20 minutes 

using an excitation wavelength of 535nm and an emission wavelength of 590nm. 

Cholesterol concentration in each sample was finally derived by interpolating the 

absorbance of each sample on the linear response curve derived from the standard scale, 

with cholesterol concentrations ranging from 3µg/µl to 0µg/µl. Data were expressed as 

µg of cholesterol over mg of the proteins contained in cell monolayer, determined through 

the Pierce Bicinconinic Acid (BCA) Assay (Thermo Fisher Scientific, MA, USA), as 

described in section 1.4.2.   
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1.2.5 Membrane cholesterol content 

Membrane cholesterol content was quantified based on a radioisotopic assay 

widely used in our laboratory on macrophages cell line 364, based on the utilization of the 

specific cholesterol oxidase enzyme, able to oxidate cholesterol specifically localized in the 

cell membrane. In particular, U373 cells were seeded in a 12-well plate (Corning, MA, 

USA) with a density of 200000 cells/well. Cells were then incubated for 24 hours with a 

solution composed of DMEM supplemented with 1% FCS, 3µCi/ml of [1-23H]Cholesterol 

(Perkin Elmer, MA, USA), and an ACAT-inhibitor compound (Sandoz; Merck, Germany) 

at a concentration of 2 μg/ml. Then, human recombinant PCSK9 [5µg/ml] dissolved in 

DMEM and supplemented with 1% FCS was added for 24 hours as a pre-treatment. Cells 

were subsequently treated with a solution composed of DMEM supplemented with 0.2% 

w/v of BSA (referred to as “Basal”) or with LXR/RXR agonists 22-OHC/9cRA at a final 

concentration of [5µg/ml] and [10µM], respectively, for 18 hours. Human recombinant 

PCSK9 [5µg/ml] and Aβ1-42 fibrils [1µM] were added in the specific required experimental 

conditions. Probucol [10µM], a compound that was previously demonstrated to reduce 

membrane cholesterol content 364, was added for 2 hours. Finally, Cholesterol oxidase 

from Streptomyces (1U/ml) dissolved in PBS was incubated for 2 hours, then cell 

monolayers were dried for the following lipid extraction phase. 

Lipids were then extracted from the cell monolayer by adding 0.6ml of isopropanol to 

each well for 18 hours; isopropanol containing the total cellular lipid content was then 

transferred in clean glass tubes (VWR, PA, USA) and a nitrogen stream was applied to 

promote the solvent’s evaporation. Dried samples were then resuspended in 30µl of a 

solution composed of free cholesterol [20mg/ml] (Merck, Germany) and oleate cholesterol 

[10mg/ml] (Merck, Germany), dissolved in Chloroform : Methanol [1:1]. 25µl of the 

resuspended sample were finally seeded into a TLC plate. 25µl of a solution of Cholest-4-

en-3-one [2mg/ml] (Merck, Germany) dissolved in Chloroform : Methanol [1:1] were 

additionally seeded into each TLC lane. Finally, TLC plate was placed in the TLC tank, 

previously saturated with 100 ml of a mixture of 90ml of Hexane, 10ml of Diethyl ether 

and 1ml of Methanol for about one hour, then furtherly transferred into a new tank 

saturated with Iodine (I2) that binds to the specific regions of the TLC plate in which free 

cholesterol, oxidate cholesterol (Cholest-4-en-3-one) and cholesterol ester (oleate 

cholesterol) is embedded, visualized thanks to the yellowish colour. Finally, using a 
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scalpel, the specific regions of the TLC plate were scratched and collected in specific vials 

suitable for radioactive quantification.  

Results were expressed by calculating the percentage of oxidate cholesterol, derived from 

the incubation with Cholesterol oxidase enzyme and index of membrane cholesterol 

content, upon the total cell cholesterol content, calculated as the total cpm of free, oxidate 

and esterified cholesterol.  

1.2.6 Cholesterol efflux  

Cholesterol efflux from U373 astrocytoma cells has been evaluated through a 

radioisotopic technique widely used in our laboratory to evaluate cholesterol efflux from 

cultured macrophages 365. Specifically, U373 cells were seeded in a 96-well plate (Corning, 

MA, USA) with a density of 18000 cells/well. Subsequently, cells were radiolabelled with 

a solution composed of DMEM supplemented with 1% FCS, 2µCi/ml of [1-

23H]Cholesterol (Perkin Elmer, MA, USA), and an ACAT-inhibitor compound (Sandoz; 

Merck, Germany) at a concentration of 2 μg/ml, together with Aβ1-42 fibrils [1µM] where 

specifically required by the experimental protocol. After 24 hours, a solution containing 

DMEM supplemented with 0,2% BSA, the ACAT-inhibitor compound and human 

recombinant PCSK9 [5 μg/ml], where required, was added to each well for 32 hours. 

Subsequently, cells were treated with a solution composed of DMEM supplemented with 

0.2% BSA and the ACAT-inhibitor compound alone (Basal, non-stimulated cells) or with a 

solution composed of DMEM supplemented with 0.2% BSA, the ACAT-inhibitor and 

LXR/RXR agonists 22-OHC/9cRA at a final concentration of [5µg/ml] and [10µM], 

respectively (LXR/RXR stimulated cells). Again, human recombinant PCSK9 [5 μg/ml] 

was added in the specific required conditions. Finally, cells were incubated for 6 hours 

with two different solutions of DMEM supplemented with cholesterol acceptors human 

recombinant lipid-free apoE [10µg/ml] and rHDL-apoE [10µg/ml], able to promote 

ABCA1- and ABCG1-mediated cholesterol efflux, respectively 360,366. Specifically, rHDL-

apoE were prepared as described in section 1.1.3 and they only contained unlabelled free 

cholesterol. The cellular medium was then collected and the radioactivity was quantified 

in each sample supernatant. A set of cell monolayers were washed with PBS before the 

incubation with cholesterol acceptors, to evaluate the cholesterol amount inside the cells 

before the efflux phase. These specific samples were subjected to lipid extraction with 

200μl of isopropanol for 18 hours. Then, the extracts were transferred into a clean glass 
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tube (VWR, PA, USA) and brought to dryness under a nitrogen stream. The lipid extracts 

were then resuspended in 500μl of toluene, from which 200μl were taken and the inner 

radioactivity was finally quantified. Cholesterol efflux was indeed calculated as the 

percentage of radioactivity released into the medium compared to the radioactivity 

incorporated by the cells before the addition of the acceptors.  

1.2.7 ABCA1 transporter expression  

ABCA1 transporter expression has been quantified through Western Blot analyses. 

To this aim, U373 cells were plated in a 6-wells plate (Corning, MA, USA) with a density 

of 500000 cells/well and, 24 hours later, cells were treated with a solution composed of 

DMEM supplemented with 1% FCS, an ACAT-inhibitor compound (Sandoz; Merck, 

Germany) at a concentration of 2μg/ml, together with Aβ1-42 fibrils [1µM] where 

specifically required by the experimental protocol. After 24 hours, a solution containing 

DMEM supplemented with 0,2% BSA, the ACAT-inhibitor compound and human 

recombinant PCSK9 [5μg/ml], where required, was added to each well for 32 hours. 

Subsequently, cells were treated with a solution composed of DMEM supplemented with 

0.2% BSA and the ACAT-inhibitor compound alone (Basal, non-stimulated cells) or with a 

solution composed of DMEM supplemented with 0.2% BSA, the ACAT-inhibitor and 

LXR/RXR agonists 22-OHC/9cRA at a final concentration of [5µg/ml] and [10µM], 

respectively (LXR/RXR stimulated cells). Again, human recombinant PCSK9 [5μg/ml] 

was added in the specific required conditions. Cell monolayers were then incubated for 5’ 

in ice with the Ripa Buffer solution supplemented with a Protease Inhibitor Cocktail 

(Merck, Germany), followed by a vigorous scraping to fully promote cell lysis. The cell 

suspension was then centrifuged in 1.5ml tubes (VWR, PA, USA) at 10000 rpm, 4°C for 10 

minutes and the supernatant was finally collected.  

Total protein content was then quantified through the Pierce Bicinchoninic Acid (BCA) 

Assay (Thermo Fisher Scientific, MA, USA), as described in section 1.4.2.   

Western Blot analyses were carried out as specifically described in section 1.2.2, using as 

primary antibody the anti-human ABCA1 (Novus Biological MN, USA) with an optimal 

dilution obtained following manufacturer's instructions.  
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1.3 CELLULAR VIABILITY ASSAY  

Cell viability was quantified through the MTT assay, based on the ability of the 

cell’s mitochondrial enzyme succinate dehydrogenase to reduce the tetrazolium yellow 

dye MTT (-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; Merck, Germany) 

to its insoluble salt, formazan. Briefly, U373 cells were seeded in 96-well plates (Corning, 

MA, USA) with a density of 18000 cells/well. After 24 hours, cells were treated with a 

solution of DMEM supplemented with 1% FCS and human recombinant PCSK9 [5µg/ml], 

together with increasing concentrations of Aβ1-42 oligomers and fibrils ([1µM] and [10µM]) 

for 48 hours. On the other side, SH-SY5Y control and PCSK9-overexpressing 

neuroblastoma cells were seeded in 48-well plates (Corning, MA, USA) with a density of 

120000 cells/well and treated for 6 days with ATRA to revert their phenotype to fully 

differentiated neurons, as previously described. To evaluate the impact of cholesterol 

depletion or excess on neuronal viability in the presence or absence of PCSK9, cells were 

treated for 48 hours with a solution composed by DMEM supplemented wither with 1% 

FCS v/v (referred to as “Basal”), BSA 0.2% w/v or cholesterol [25µM]. Conversely, to 

evaluate the impact of Aβ1-42 aggregates at different concentrations in the presence or 

absence of PCSK9, cells were treated for 48 hours with Aβ1-42 oligomers and fibrils, both at 

the increasing concentrations of [1µM], [5µM] and [10µM].  

MTT assay was performed by incubating cells for 2 hours at 37°C with a solution of cell 

culture medium DMEM supplemented with 1% FCS and MTT [1mg/ml]. Since MTT salt 

is a photosensitive dye, the incubation was carried out away from any light sources. The 

supernatant was then removed and 300µl of DMSO were added to each well to solubilize 

the newly-formed purple formazan. An aliquot of the suspension was then collected and 

the absorbance was quantified through the spectrophotometer at 570nm. Cell viability of 

each experimental condition was then calculated by comparing the absorbance of the 

specific sample with the absorbance of the non-treated cells (basal) and expressed as 

percentage viability as compared to basal.  
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1.4 PROTEIN DETERMINATION ASSAYS 

1.4.1 Lowry assay 

Protein concentration in rHDL-apoE particles was detected through the Lowry 

colourimetric Assay, which allows to quantify the protein content in lipoparticles, due to 

the presence of the anionic detergent sodium dodecyl sulphate (SDS). Briefly, 10µl of 

filtered rHDL-apoE were incubated for 10 minutes at 37°C with 13µl of SDS, 187µl of Tris-

HCL and 1ml of a mixture of Reagent A (7mM NaK tartrate, 0.81M sodium carbonate and 

0.5N NaOH) and Reagent B (70 mM Na-K tartrate, 40 mM copper sulfate) with a volume 

ratio of [50:1]. Afterwards, 100µl of a solution composed of Folin-Cicolteau (Merck, 

Germany) and H2O with a volume ratio of  [1:1] was added to each sample and furtherly 

incubated for 20 minutes at 37°C. An aliquot of 300µl was then collected and the 

absorbance at 550nm was recorded. Protein concentration was then determined by 

interpolating the absorbance of the sample with the absorbance of a standard scale with 

known protein concentration, ranging from 0µg/µl to 100µg/µl.  

1.4.2 Bicinchoninic acid (BCA) assay 

Total protein content was indeed quantified through the Pierce Bicinconinic Acid 

(BCA) Assay (Thermo Fisher Scientific, MA, USA), following the manufacturer's 

instructions. This assay is based on the biuret reaction, in which the reduction of Cu2+ to 

Cu+ by protein with the following complexation with BCA produces a purple colour that 

is proportional to the protein concentration in each sample. Briefly, 25µl of each sample 

were incubated with 200µl of a solution composed of Reagent A (BCA/tartrate in alkaline 

carbonate buffer) and Reagent B (4% CuSO2· 5H2O) [50:1] for 20’ at RT. The absorbance of 

each sample was then measured at 550nm using a spectrophotometer. A standard scale 

containing a known protein concentration, ranging from 0µg/ml to 100µg/ml, and 

protein concentration was derived by interpolating the absorbance of each sample on the 

linear response curve derived from the standard scale.  
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2. EX VIVO STUDIES ON AD TRANSGENIC MICE MODELS 

AND HUMANS 

Cholesterol and its main oxidised metabolites, hydroxysterols, have been 

evaluated through ex vivo studies on biological samples isolated from both transgenic 

mice, specifically generated within the present research project, and a population of 

subjects with different degrees of cognitive impairment. 

2.1 ANIMAL MODELS 

A new transgenic mouse has been generated in collaboration with Professor D. 

Giuliani from the University of Modena and Reggio Emilia. Specifically, PCSK9-/- 

(PCSK9ko) mice purchased from the Jackson Laboratories (B6;129S6-Pcsk9tm1Jdh/J) were 

crossed with 5XFAD+/- (5XFADhe) mice. 5XFADhe mice are characterized by the expression 

of human APP and PSEN1 transgenes, carrying five mutations associated with familial 

AD: Swedish (K670N/M671L), London (V7171) and Florida (I716V) on APP gene and 

M146L and L286V on PSEN1 gene. Hence, 5XFADhe mice have an early and aggressive 

presentation of several AD-related phenotypes, such as Aβ plaques deposition, gliosis and 

neuronal loss, together with a plethora of cognitive as well as motor deficits 367. The 

above-mentioned mice were bred in the Specific Pathogen Free (SPF) animal facility of the 

University of Modena and Reggio Emilia (CSSI) following the ministerial approval 

(511/2019-PR, 19-07-2019). Mice were grown in rooms with a stable temperature of 21°C 

and humidity of 60%, with lights/dark cycles of 12 hours. The specific breeding scheme is 

reported in Figure 2, and the experimental analyses were performed upon 10 months-old 

mice belonging to the second filial generation (F2).  
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FIGURE 2 

 

Figure 2. Breeding scheme of the newly generated transgenic mouse model. 5XFADwt-PCSK9ko and 5XFADhe-
PCSK9wt mice (F0) were crossed to obtain either 5XFADwt-PCSK9he and 5XFADhe-PCSK9he mice; these latter 
were furtherly crosse with 5XFADwt-PCSK9ko mice (F1), to finally obtain the F2 generation (5XFADwt-
PCSK9he, 5XFADwt-PCSK9ko, 5XFADhe-PCSK9he and 5XFADhe-PCSK9ko), upon which the reported analyses 
have been performed.  

Finally, the four experimental groups belonging to the F2 generation were furtherly 

compared to WT and 5XFADhe mice, both carrying two WT PCSK9 alleles, to investigate a 

possible gene-dependent effect of PCSK9 presence, and, specifically, WT – PCSK9wt and 

5XFADhe – PCSK9wt mice.  

2.2 PATIENTS POPULATION 

In collaboration with Professor M. Bertolotti of the Center for Cognitive Neurology 

of the Modena City Hospital and University of Modena and Reggio Emilia, a cohort of 83 

patients followed between 2011 – 2017 were recruited and a case-control study was set up. 

Specifically, patients were followed for the early diagnosis and differential diagnosis of 

cognitive disorders. During the first visit, patients were subjected to clinical, 

neuropsychological, neuroradiological (brain CT or MRI) evaluations, and blood analyses, 

as well as CSF analyses, were carried out. A clinical follow-up was then maintained. 

Based on the obtained clinical parameters, patients were classified into three different 

groups:  
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- Patients with a diagnosis of MCI, with a stable clinical behaviour at follow-up 

(MCI; n= 28); 

- Patients with a diagnosis of MCI, whose clinical picture at follow-up furtherly 

degenerated and was compatible with a diagnosis of AD (MCI-AD; n=27); 

- Patients with an established diagnosis of AD at the initial clinical evaluation 

(AD, n=28). 

All patients gave written informed consent, previously approved by the local Ethics 

Committee.  

2.3 CHOLESTEROL QUANTIFICATION 

Total cholesterol quantification was achieved through a commercially available 

fluorometric assay, by slightly modifying the manufacturer's instructions based on the 

required experimental procedure.   

2.3.1 Cholesterol quantification in serum and CSF 

Peripheral blood was collected in Vacutainer tubes after the sacrifice from 10 

months-old mice and in patients after 1-night fasting; serum was immediately isolated by 

centrifuging tubes at 2000 g for 10’ at 4°C and collecting the resulting supernatant into a 

new tube. Serum was then immediately stored at -80°C until use. CSF was isolated 

through lumbar puncture for the clinical diagnosis of patients and immediately stored at -

80°C.  

The fluorometric Amplex® Red Cholesterol assay (Thermo Fisher Scientific, MA, USA) 

was then used to quantify serum and CSF cholesterol content, following the 

manufacturer's instruction, also described in section 1.2.4. Several analyses were 

performed to optimize the correct dilution factor for each biological matrix. Hence, serum, 

both from mice and humans was diluted 1:200, while CSF was tested with a 1:2 dilution 

factor.  
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2.3.2 Cholesterol quantification in brain 

Brain was collected after mice’s sacrifice and immediately soaked in liquid 

nitrogen, to ensure rapid freezing, then stored at -80°C until use. To quantify brain 

cholesterol content, the right hemisphere was collected and weighted, then shredded with 

the help of a ceramic pestle and the obtained brain homogenate was intensively shaken 

and placed into a glass tube, furtherly incubated for 2 hours with 0.5ml of PBS. Then, 5ml 

of the Folch Solution, composed of Chloroform and Methanol in a [2:1] v/v ratio, were 

added to each sample and furtherly incubated for 24 hours. This extraction phase is 

crucial to separate non-polar lipids from the polar compounds in the cerebral tissue. Then, 

2ml of PBS were furtherly added to each sample to better visualize the polar (upper) and 

the non-polar lipid-rich phase (lower), and the tube was finally centrifuged for 10 minutes 

at 2000 rpm. The non-polar phase was then collected and placed into a clean glass tube 

and the solvent was brought to dryness under a nitrogen stream.  

The lipid extract was then resuspended in Reaction Buffer, composed of 0.5 M potassium 

phosphate, 0.25 M NaCl, 25 mM cholic acid and 0.5% Triton X-100, bath-sonicated for 30’ 

and furtherly incubated for other 30’ at 60°C, to facilitate the complete sample 

resuspension. The fluorometric Amplex® Red Cholesterol assay (Thermo Fisher Scientific, 

MA, USA) was then used to quantify brain cholesterol content, following the 

manufacturer's instruction, also described in section 1.2.4. Brain samples were diluted 

before testing, with an optimal dilution of 1:500, obtained based on preliminary analyses 

and were expressed as µg of cholesterol over mg of tissue. 

2.4 HYDROXYSTEROLS QUANTIFICATION 

The quantification of the three main hydroxysterols in mice’s sera and brains and 

patients sera and CSF was achieved by liquid chromatography-tandem mass 

spectrometry (LC-MS/MS), by adopting and optimizing some previously published 

experimental protocols 221,368,369. 

2.4.1 Alkaline hydrolysis  

Sera and CSF were allowed to gently thaw in ice, then, a small aliquot of 0.2ml of 

serum, both for mice and humans, and an aliquot of 0.5ml of CFS were collected and 

placed into a clean glass tube, together with Butylated hydroxytoluene [0.1µg/µl] as an 

antioxidant agent, and 1ml of a solution composed of NaOH 1M dissolved in Ethanol 
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90%. With respect to mice’s brains, left hemispheres were weighed, homogenized and 

underwent Folch extraction as described in section 2.3.2. Then, 1ml of NaOH 1M 

dissolved in Ethanol 90% and Butylated hydroxytoluene [0.1µg/µl] were added to the 

dried lipid extract.  Alkaline hydrolysis was then carried out at 60°C for 2 hours. Once the 

samples were cooled, 1 ml of 0.9% w/v was added to each glass tube, together with 2ml 

of Petroleum Ether 40°-60°. Glass tubes were then vigorously mixed and the upper phase 

containing the extracted lipids was collected with a glass Pasteur pipette and placed into a 

new glass tube. The same operation was repeated by adding 1 additional ml of Petroleum 

Ether 40°-60°, then the extracted lipid phase was brought to dryness under a nitrogen 

stream.  

2.4.2 Solid phase extraction 

Solid Phase Extraction (SPE) was carried upon the lipid extract to remove its 

cholesterol content and to finally purify the hydroxysterols. Lipid extracts from serum, 

CSF and brain were indeed resuspended in 2 ml of a solution composed of deionized H2O 

supplemented with 5% v/v of Methanol and mixed vigorously to allow the complete 

resuspension of the dried samples. SPE was performed through SPE Cartridges C18 

(Waters, MA, USA), by loading the silica cartridges columns with the following 

experimental procedure: 

- 2ml of Methanol. The eluate was discarded; 

- 2ml of deionized H2O supplemented with 0.1% v/v of Formic acid. The eluate 

was discarded; 

- 2ml of the lipid extract resuspended as previously described: the elution flow 

was maintained extremely slow to facilitate the binding of the sterol fraction to 

the silica cartridges. The eluate was again discarded; 

- 1ml of deionized H2O supplemented with 0.1% v/v of Formic acid. The eluate 

was discarded; 

- 1ml of Hexane. The eluate, which contains cholesterol, was discarded; 

- 2ml of Ethyl Acetate. The eluate, which contains the hydroxysterols fraction of 

the biological sample was finally collected into a 2ml plastic tube (VWR, PA, 

USA) and brought to dryness using a nitrogen stream. 
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2.4.3 LC-MS/MS analysis 

24-, 25- and 27-OHC quantification in serum, CSF and brain specimens was 

achieved by LC-MS/MS analysis, in collaboration with Professor L. Elviri from the 

University of Parma. Once the extracts were dried, 100µl of Methanol enriched with 

1µg/µl of 24-, 25 and 27-deuterated OHC, used as internal standards, were added to each 

sample. Each tube was vigorously shaken and water-bath sonicated for 10 minutes, to 

ensure the complete sample resuspension, and finally centrifuged for 10’ at 15000rpm. 

The supernatant was then collected and placed into specific vials suitable for LC-MS/MS 

analyses. Samples were eluted using a column C18 Synergi Hydro-RP (150mm x 3mm, 

80A, 4µm particles; Phenomenex, CA, USA), equipped with a C18 pre-filtering column. 

The mobile phase was composed of Methanol : acetonitrile : H2O [14:1:0.6], added with 

0.1% v/v formic acid. The elution was isocratic at a flow rate of 200µl/min for 50 minutes, 

the injection volume was 20µl and each sample was injected in duplicate.  

The analysis was carried out using an Agilent HP 1200 chromatographic system (Agilent 

Technologies, CA, USA), equipped with a 100-vial capacity sample tray and coupled with 

a QTRAP 4000 triple quadrupole mass spectrophotometer (ABSCIEX, CA, USA), 

equipped with a pneumatically assisted ESI interface. Nitrogen (99.99% of purity) was 

used as a sheat gas and the auxiliary gas was delivered at flow rates of 45 and 5 arbitrary 

units, respectively. Optimized conditions of the interface were the following:  

- ESI voltage 5.5 kV; 

- Desclustering potential (DP) 35V; 

- Entrance potential (EP) 10V; 

- Collision exit potential (CXP) 10V; 

- Capillary temperature 350°C. 

Experiments were performed under positive ion-selected reaction monitoring conditions, 

using nitrogen as a collision gas (pressure of 2.1 x 10-3 mbar). The analytical method 

performed was initially set up by using 24-, 25- and 27-OHC spiked with 1µg/µl of the 

respective deuterated internal standard. The quantification of the analytes in serum, CSF 

and brain was performed through calibration curves with a known concentration of the 

standards dissolved in Methanol, with concentrations ranging from 0.5µg/µl to 5µg/µl.   
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2.5 PCSK9 QUANTIFICATION 

Human PCSK9 was quantified in serum and CSF specimens obtained from the 

above-mentioned patient’s population using a commercially available ELISA assay kit 

(R&D System, MN, USA), following the manufacturer's instructions.  

 

3. STATISTICAL ANALYSES 

Statistical analyses have been performed using Prism 7 software (GraphPad 

Software, CA, USA). In vitro studies have been performed in triplicate and each 

experiment has been repeated twice; the reported values are expressed as mean ± 

standard deviation (SD). The ex vivo evaluations have been performed in duplicate, 

reporting the mean value of each quantification. The Kolmogorov-Smirnov test was used 

to determine the normality of the distribution and skewed variables were compared by 

the Kruskal-Wallis test, using Dunnett’s post-hoc test for multiple comparisons. 

Continuous variables were reported as mean ± standard deviation (SD) for normal 

distributions or as median (interquartile range [IQR] defined as the 25th percentile – 75th 

percentile) for skewed distribution. Statistically significant differences among the mean 

values of each experimental group were investigated using the one-way or two-way 

analysis of variance (ANOVA), based on the specific experimental requirements, for 

normally distributed data, while skewed variables were compared by the Kruskal-Wallis 

test. The post-doc Tuckey’s multiple comparison test was used to compare each 

experimental condition in one-way ANOVA analyses, while the post-hoc Sidak’s multiple 

comparison test was used in two-way ANOVA analyses. 
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1. INFLUENCE OF PCSK9 ON CHOLESTEROL HOMEOSTASIS: 

IN VITRO EVIDENCE 

The possible influence of PCSK9 on the key steps of brain cholesterol transport 

from astrocytes to neurons was evaluated through in vitro studies, using human cultured 

cell models of astrocytes and neurons. The most relevant cholesterol-related parameters 

were evaluated and, to simulate in vitro an experimental picture similar to the in vivo 

anatomopathological alteration typical of AD, most of the parameters have been 

evaluated in cells incubated with Aβ1-42 fibrils.  

1.1 INFLUENCE OF PCSK9 ON CHOLESTEROL HOMEOSTASIS IN 

HUMAN ASTROCYTOMA CELLS 

The impact of human recombinant PCSK9 was first evaluated in a human 

astrocytoma cell line, in order to analyse the first step of brain cholesterol transport. To 

this aim, human astrocytoma cells U373 were incubated with exogenous PCSK9 and 

different aspects contributing to cellular cholesterol homeostasis and viability were 

evaluated.  

1.1.1 Impact of PCSK9 on cell viability in presence of Aβ1-42 

The impact of exogenous recombinant PCSK9 on U373 astrocytoma cell viability 

was initially investigated. Furthermore, to identify the optimal aggregation form and 

concentration of Aβ1-42, the impact of Aβ1-42 oligomers and fibrils at [1µM] and [10µM] was 

evaluated either in the presence or absence of exogenous PCSK9. As shown in Figure 1, 

the treatment with exogenous PCSK9 [5µg/ml] didn’t produce any changes in cell 

viability as compared to the basal condition, in absence of PCSK9. Focusing on the impact 

of Aβ1-42 oligomers, as seen in Figure 1A, a dose-dependent reduction of cellular viability 

was observed, with a decrease of about 11% (p<0.05) and 44% (p<0.0001) compared to the 

basal condition with oligomers at 1µM and 10µM, respectively. In these conditions, 

PCSK9 incubation didn’t further modify cellular viability, since in presence of Aβ1-42 

oligomers, both at 1µM and 10µM, a similar reduction of viability was observed in cells 

exposed or not to exogenous PCSK9.  
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FIGURE 1 

 

Figure 1. Impact of PCSK9 on cell viability in presence of Aβ1-42 oligomers (A) and fibrils (B) in cultured human U373. 

U373 astrocytoma cells were treated for 48h with different concentrations of Aβ1-42 oligomers or fibrils and 
subsequently exposed (striped bars) or not (plain bars) to human recombinant PCSK9 [5µg/ml] for the 
following 24 hours. Cell viability was then assessed through the MTT colourimetric assay. Data were 
performed in triplicate and expressed as mean ± standard deviation. Statistical analyses were performed using 
the one-way ANOVA test, with the post-hoc Tuckey’s multiple comparison test. A value of p<0.05 was 
considered statistically significant. * refers to Basal and ° to PCSK9-treated cells. * and ° p<0.05; ** and °° 
p<0.01; **** and °°°° p<0.0001.  

Finally, as shown in Figure 1B, in absence of any cytotoxic effect of PCSK9, the incubation 

with Aβ1-42 fibrils led to a minimal reduction of cell viability, that becomes statistically 

significant only at 10µM, with a reduction of about 17% (p<0.01) and 13% (p<0.05) 

compared to basal and PCSK9-treated cells, respectively.  

Thus, Aβ1-42 fibrils at 1µM were selected to perform the experiments described in the 

following paragraphs, in order to investigate the impact of PCSK9 on cholesterol-related 

parameters in AD-like conditions, but in absence of any cytotoxic effect induced by the 

incubation of this latter factor. Furthermore, Aβ1-42 fibrils represent the most common 

neuropathological aggregation form retrieved in brain sections of AD patients 370.  

1.1.2 Impact of PCSK9 on endogenous cholesterol biosynthesis 

The first cholesterol-related parameter analysed was the impact of PCSK9 on 

endogenous cholesterol biosynthesis in U373 astrocytoma cells. To this aim, the 

experimental conditions were first set up by adopting a protocol that has been previously 

used by our group to evaluate endogenous cholesterol biosynthesis in cultured 

macrophages 362. The obtained results clearly indicated that also in U373 astrocytoma 

cells, endogenous cholesterol synthesis was detectable and modulable. Indeed, in U373 

cells cultured with 1% v/v of FCS, the incubation with simvastatin [10µM] for 48 hours, 

known to inhibit HMG-CoA reductase enzyme and therefore to downregulate the 

cholesterol biosynthetic pathway 371, led to a significant reduction of endogenous 
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cholesterol biosynthesis compared to basal cells  (-30%, p<0.01). Interestingly, a similar 

reduction in endogenous cholesterol synthesis rate (-32%, p<0.001) was observed in cells 

cultured with 5% v/v of FCS, probably as a consequence of a reduced need for 

synthesizing cholesterol (data not shown). Once set the optimal experimental conditions, 

the impact of PCSK9 on astrocytes cholesterol biosynthesis was assessed. As reported in 

Figure 2A, the effect of increasing concentrations of PCSK9, ranging from [2.5µg/ml] to 

[10µg/ml], was tested first, showing that, starting from [5µg/ml], PCSK9 significantly 

increased endogenous cholesterol biosynthesis in astrocytes (p<0.01 vs basal), with an 

even more pronounced effect at [10µg/ml] (p<0.001 vs basal, r2 for dose-response=0.8816). 

Thus, the minimal effective PCSK9 concentration of [5µg/ml] was selected to evaluate 

endogenous cholesterol biosynthesis, confirming the previously described increase of 

cholesterol synthesis rate induced by the enzyme (Figure 2B). In this context, the 

endogenous cholesterol biosynthetic pathway wasn’t affected by the concomitant 

incubation with Aβ1-42 fibrils [1µM], neither in the absence or presence of PCSK9. 

FIGURE 2

 

Figure 2. Impact of PCSK9 on endogenous cholesterol biosynthesis in cultured human U373. (A) U373 astrocytoma 
cells were treated for 48h with increasing concentrations of human recombinant PCSK9, ranging from [2,5 
µg/ml] to [10 µg/ml] (striped bars), then endogenous cholesterol biosynthesis was evaluated. (B) U373 
astrocytoma cells were treated with human recombinant PCSK9 [5µg/ml] (striped bars) for 48 hours, the last 
24 of which with the addition of Aβ1-42 fibrils [1µM] (grey bars), then endogenous cholesterol biosynthesis was 
evaluated. Data were performed in triplicate and expressed as mean ± standard deviation. Statistical analyses 
were performed using the one-way ANOVA test, with the post-hoc Tuckey’s multiple comparison test. A 
value of p<0.05 was considered statistically significant. ** p<0.01; *** p<0.001.  
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1.1.3 Impact of PCSK9 on lipoprotein receptors expression 

Subsequently, having observed a dose-dependent increase in endogenous 

cholesterol biosynthesis following the incubation with human recombinant PCSK9, the 

expression of lipoprotein receptors involved in exogenous cholesterol internalization, 

such as LDLR and apoER2, was analysed. Indeed, similarly to its hepatic effect, PCSK9 

may act by degrading the receptors responsible for cholesterol internalization 245 also in 

astrocytes, thus activating a feedback mechanism that stimulates the endogenous 

cholesterol synthesis. As demonstrated in Figure 3A, LDLR expression was dramatically 

decreased following the incubation with exogenous recombinant PCSK9 [5µg/ml] for 48 

hours (-82%; p<0.001); consistently, a more moderate, but still significant reduction of 

apoER2 expression (-36%, p<0.01) was observed following PCSK9 treatment (Figure 3B). 

As expected, for both LDLR and apoER2, the incubation with Aβ1-42 fibrils [1µM] wasn’t 

able to affect the expression of the analysed receptors, neither alone nor with the 

simultaneous treatment of PCSK9 (Figure 3A and 3B).  

FIGURE 3  

 

Figure 3. Impact of PCSK9 on LDLR (A) and apoER2 (B) expression in cultured human U373 astrocytoma cells. U373 
cells were treated with human recombinant PCSK9 [5µg/ml] (striped bars) for 48 hours, the last 24 of which 
with the addition of Aβ1-42 fibrils [1µM] (grey bars), then protein expression was analysed through WB 
analyses and furtherly quantified through ImageJ Fiji software. Data were performed in triplicate and 
expressed as mean ± standard deviation. Statistical analyses were performed using the one-way ANOVA test, 
with the post-hoc Tuckey’s multiple comparison test. A value of p<0.05 was considered statistically 
significant. * p<0.05; ** p<0.01; *** p<0.001.  
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The PCSK9-mediated decrease of LDLR and apoER2 expression was functionally 

demonstrated by evaluating the uptake of rHDL-apoE [10µg/ml] containing radiolabelled 

cholesterol, prepared as described in the Methods section 360. Specifically, those synthetic 

liposomes were used since they share a similar structure, shape and protein content with 

the HDL-like particles  found in CSF 185. As reported in Figure 4, U373 cells incubated 

with human recombinant PCSK9 [5µg/ml] for 48 hours are characterized by a significant 

and well-pronounced reduction of rHDL-apoE-mediated cholesterol internalization as 

compared to control cells (-36.3%, p<0.0001). As expected, the pre-treatment with Aβ1-42 

fibrils [1µM] for 24 hours wasn’t able to affect cholesterol internalization into astrocytes, 

showing a similar reduction of apoE-mediated cholesterol uptake in PCSK9-treated U373 

cells as compared to controls (-35%, p<0.0001). The specific degrading effect of PCSK9 on 

lipoprotein receptors was also confirmed by the evidence that when rHDL particles not 

containing apoE were used as cholesterol donors, an extremely moderate rate of 

radiolabelled cholesterol internalization was detected as compared to the process 

mediated by rHDL-apoE. Furthermore, in this case, no significant differences were 

observed following the treatment with human recombinant PCSK9. 

FIGURE 4 

                

Figure 4. Impact of PCSK9 on rHDL-apoE-mediated cholesterol internalization in cultured human U373 astrocytoma 
cells. U373 cells were treated with human recombinant PCSK9 [5µg/ml] (striped bars) for 48 hours, the last 24 
of which with the addition of Aβ1-42 fibrils [1µM] (grey bars), then exposed to radiolabelled rHDL containing 
or not apoE. Radioactivity was then quantified in cell monolayers. Data were performed in triplicate and 
expressed as mean ± standard deviation. Statistical analyses were performed using the two-way ANOVA test, 
with the post-hoc Sidak’s multiple comparison test. A value of p<0.05 was considered statistically significant. 
**** p<0.0001.  
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1.1.4 Impact of PCSK9 on intracellular cholesterol content 

The impact of PCSK9 on total intracellular cholesterol content was then 

investigated, as it’s the results of different processes, including cholesterol biosynthesis 

and cholesterol uptake from the extracellular milieu. As shown in Figure 5, the treatment 

with PCSK9 [5µg/ml] for 48 hours determined a significant reduction in total cholesterol 

content as compared to the basal condition (-20%; p<0.05). Furthermore, even the 

incubation with Aβ1-42 fibrils [1µM] for 24 hours was associated with a significant 

reduction in cellular cholesterol content as compared to the basal condition (-24%; 

p<0.01). Interestingly, the simultaneous incubation of both PCSK9 [5µg/ml] and Aβ1-42 

fibrils [1µM] led to an even more marked reduction in total cholesterol content in 

astrocytes (-37%; p<0.001 compared to the basal condition and p<0.05 compared to PCSK9 

alone).  

FIGURE 5 

 

Figure 5. Impact of PCSK9 on intracellular cholesterol content in cultured human U373 astrocytoma cells. U373 cells 
were treated with human recombinant PCSK9 [5µg/ml] (striped bars) for 48 hours, the last 24 of which with 
the addition of Aβ1-42 fibrils [1µM] (grey bars), then intracellular cholesterol content was quantified through 
Amplex® Red cholesterol fluorometric assay and protein content through BCA assay. Data were performed in 
triplicate and expressed as mean ± standard deviation. Statistical analyses were performed using the one-way 
ANOVA test, with the post-hoc Tuckey’s multiple comparison test. A value of p<0.05 was considered 
statistically significant. * refers to basal and ° to PCSK9-treated cells. * and ° p<0.05; ** p<0.01; *** p<0.001.  
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1.1.5 Impact of PCSK9 and Aβ1-42 on membrane cholesterol content 

One of the main and most relevant cellular pools of free cholesterol is represented 

by the plasma membrane, playing an extremely relevant role due to its involvement in 

cholesterol efflux and in mediating cellular functions in CNS 372. Thus, the impact of 

PCSK9 on cholesterol content distribution specifically localized in the plasma membrane 

of U373 astrocytoma cells was analysed. First, the experimental conditions were set up by 

adopting a protocol that has been previously used by our group to evaluate plasma 

membrane cholesterol content in cultured macrophages 364. The obtained results clearly 

indicated that also in U373 astrocytoma cells, membrane cholesterol content was 

detectable and modulable (data not shown). Specifically, following the incubation of U373 

with LXR/RXR agonists 22-OHC/9cRA ([5µg/ml] and [10µM], respectively), known to 

up-regulate ABCA1 and ABCG1-mediated pathway 155,186, a 2-fold increase in plasma 

membrane cholesterol content was observed (p<0.001 as compared to non-stimulated 

cells). Interestingly, the treatment of LXR-RXR-stimulated U373 cells with Probucol 

[10µM], which we previously demonstrated to reduce membrane cholesterol content in 

macrophages 364, was associated with a significant reduction in plasma membrane 

cholesterol content (-19% compared to 22-OHC/9cRA stimulated cells; p<0.05). In these 

established experimental conditions, the effect of PCSK9 has been investigated.  

FIGURE 6 

 

Figure 6. Impact of PCSK9 (A) and Aβ1-42 fibrils (B) on intracellular cholesterol content in cultured human U373 
astrocytoma cells. (A) U373 cells were radiolabelled and treated with human recombinant PCSK9 [5µg/ml] 
(striped bars) for 48 hours, in the absence (dotted bars) or presence (plain bars) of LXR/RXR agonists 22-
OHC/9cRA. (B) U373 cells were radiolabelled and treated with Aβ1-42 fibrils [1µM] (grey bars) for 24 hours, in 
the absence (dotted bars) or presence (plain bars) of LXR/RXR agonists 22-OHC/9cRA. Cells were then 
treated with or without 1U/ml of cholesterol oxidase enzyme for 2 hours at 37°C. Data were performed in 
triplicate and expressed as mean ± standard deviation. Statistical analyses were performed using the one-way 
ANOVA test, with the post-hoc Tuckey’s multiple comparison test. A value of p<0.05 was considered 
statistically significant. * refers to basal and ° to 22-OHC/9cRA-treated cells. ° p<0.05; *** p<0.001; **** 
p<0.0001. 
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As shown in Figure 6A, 22-OHC/9cRA treatment in U373 cells confirmed a significant 

increase in membrane cholesterol content as compared to non-stimulated cells (p<0.001); 

however, PCSK9 [5µg/ml] incubation wasn’t able to significantly affect this parameter. 

Interestingly, as seen in Figure 6B, in 22-OHC/9cRA-stimulated U373 cells, the incubation 

with Aβ1-42 fibrils [1µM] for 24 hours was associated with a significant decrease in plasma 

membrane cholesterol content (-11%; p<0.05 as compared to 22-OHC/9cRA-stimulated 

U373 cells), which is mostly dependent on ABCA1 transporter 364. 

1.1.6 Impact of PCSK9 and Aβ1-42 on cholesterol efflux 

Cellular cholesterol efflux represents the first step of cholesterol transport from 

astrocytes towards neurons, in which cellular cholesterol is actively transported by 

ABCA1 and ABCG1 transporters to extracellular acceptors. Hence, the impact of PCSK9 

on this relevant process has been evaluated. Lipid-free apoE, as well as synthetic 

reconstituted HDL particles containing apoE (rHDL-apoE), resembling HDL-like particles 

identified in CSF, were used as extracellular cholesterol acceptors, due to their ability to 

promote cholesterol efflux preferentially mediated by ABCA1 and ABCG1 transporter, 

respectively 366,373. First, the experimental conditions were set up by adopting a protocol 

that has been previously used by our group to evaluate cholesterol efflux in cultured 

macrophages 365. The obtained results clearly demonstrated that cholesterol efflux was 

detectable and modulable also in the considered astrocytoma cell line (data not shown). 

Once established the optimal experimental conditions, the impact of PCSK9 on cholesterol 

efflux from astrocytes was investigated. In non-stimulated cells, human recombinant 

PCSK9 incubation affected cholesterol efflux neither to apoE nor to rHDL-apoE as 

extracellular acceptors (data not shown). As reported in Figure 7, the treatment of U373 

cells with LXR/RXR agonists 22-OHC/9cRA ([5µg/ml] and [10µM], respectively), was 

associated with a significant increase in cholesterol efflux to both acceptors, with a more 

pronounced effect occurring in U373 cells exposed to lipid-free apoE [10µg/ml] (8-fold 

increase, p<0.0001 vs non-stimulated cells) rather than with rHDL-apoE [10µg/ml] (3-fold 

increase, p<0.0001 vs non-stimulated cells). In this context, the incubation with exogenous 

PCSK9 didn’t alter either cholesterol efflux to apoE (Figure 7A) or to rHDL-apoE (Figure 

7B). This observation suggests that the enzyme doesn’t impact on ABCA1- and ABCG1-

mediated cholesterol efflux process.  
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Interestingly, in U373 cells stimulated with 22-OHC/9cRA, Aβ1-42 fibrils [1µM] incubated 

for 24 hours were able to significantly reduce ABCA1-mediated cholesterol efflux (-14%, 

p<0.001 as compared to 22-OHC/9cRA-treated cells), both in the absence or presence of 

human recombinant PCSK9 (Figure 7A). This observation is in accordance with the Aβ1-42 

fibrils-mediated reduction of membrane cholesterol content previously described (Figure 

6B). 

FIGURE 7 

 

Figure 7. Impact of PCSK9 and Aβ1-42 fibrils on cell cholesterol efflux in cultured human U373 astrocytoma cells. U373 
cells were radiolabelled and treated with human recombinant PCSK9 [5µg/ml] (striped bars) for 48 hours, in 
the absence (dotted bars) or presence (plain bars) of LXR/RXR agonists 22-OHC/9cRA, the last 24 hours of 
which with the co-incubation of Aβ1-42 fibrils [1µM] (grey bars). Exogenous apoE [10µg/ml] and rHDL-apoE 
[10µg/ml] were then added for 6 hours as cholesterol acceptors for ABCA1- and ABCG1-mediated cholesterol 
efflux, respectively (Panel A and panel B). Data were performed in triplicate and expressed as mean ± 
standard deviation. Statistical analyses were performed using the one-way ANOVA test, with the post-hoc 
Tuckey’s multiple comparison test. A value of p<0.05 was considered statistically significant. ° refers to basal 
and * to 22-OHC/9cRA-treated cells. *** p<0.001; °°°° p<0.0001. 

 

1.1.7 Impact of PCSK9 and Aβ1-42 on ABCA1 expression 

Having observed a reduction both in membrane cholesterol content (Figure 6B) 

and in ABCA1-mediated cholesterol efflux (Figure 7A) in presence of Aβ1-42 fibrils [1µM], 

ABCA1 protein expression was assessed in cultured U373 cells incubated with exogenous 

PCSK9 and Aβ1-42 fibrils [1µM], then furtherly stimulated with 22-OHC/9cRA. As shown 

in Figure 8, a marked increase in ABCA1 expression was confirmed in 22-OHC/9cRA-

treated U373 cells as compared to basal. In stimulated cells, the incubation of PCSK9 

wasn’t associated with any changes in ABCA1 protein expression. On the other side, 

consistently with the functional observations previously described, Aβ1-42 fibrils [1µM] led 

to a slight, but significant, reduction in ABCA1 expression (p<0.05). These observations 
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suggest an interfering effect with the ABCA1-mediated process occurring in Aβ1-42 fibrils-

treated cells, either in the absence or presence of PCSK9.  

FIGURE 8 

 

Figure 8. Impact of PCSK9 and Aβ1-42 fibrils on ABCA1 expression in cultured human U373 astrocytoma cells. U373 
cells were incubated with human recombinant PCSK9 [5µg/ml] (striped bars) for 48 hours, in the absence 
(dotted bars) or presence (plain bars) of LXR/RXR agonists 22-OHC/9cRA, the last 24 hours of which with the 
co-incubation of Aβ1-42 fibrils [1µM] (grey bars). Protein expression was analyzed through WB analyses and 
furtherly quantified through ImageJ Fiji software. Data were performed in triplicate and expressed as mean ± 
standard deviation. Statistical analyses were performed using the one-way ANOVA test, with the post-hoc 
Tuckey’s multiple comparison test. A value of p<0.05 was considered statistically significant. * p<0.05. 

 

1.2 INFLUENCE OF PCSK9 ON CHOLESTEROL HOMEOSTASIS IN 

HUMAN NEUROBLASTOMA CELLS 

Cholesterol secreted from astrocytes and assembled with apoE in HDL-like 

particles is finally delivered and incorporated into neurons by interacting with apoE-

receptors 185. Hence, the potential influence of PCSK9 in this last step of brain cholesterol 

transport has been evaluated. To this aim, human neuroblastoma cell line SH-SY5Y has 

been specifically retrovirally transfected to overexpress human PCSK9, as deeply 

described in the Materials and Methods section. Then, different aspects contributing to 

neuronal cholesterol homeostasis and viability were evaluated.  
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1.2.1 Impact of PCSK9 on apoE-mediated cholesterol internalization 

Cholesterol internalization in SH-SY5Y neuroblastoma cells has been evaluated 

first, being one of the most important processes that guarantee the maintenance of the 

optimal intracellular cholesterol pool in adult neurons 185. As previously described in the 

Materials and Methods section, the reduction in LDLR and apoER2 expression in PCSK9-

overexpressing SH-SY5Y cells has previously been verified through molecular assays 

including gene and protein expression analyses.  

The uptake of radioactive cholesterol was indeed evaluated after the exposure of PCSK9-

overexpressing and of control SH-SY5Y cells to rHDL-apoE [10µg/ml] for 4 hours. As 

reported in Figure 9, PCSK9-overexpressing cells were characterized by a significant 

reduction of cholesterol internalization as compared to control cells (-41%; p<0.001). As 

expected, the preliminary treatment with Aβ1-42 fibrils [1µM] for 24 hours wasn’t able to 

affect cholesterol internalization into neurons, showing a reduction in rHDL-apoE-

containing radioactive cholesterol internalization of about 39% in SH-SY5Y PCSK9-

overexpressing cells compared to SH-SY5Y control neuroblastoma cells (p<0.001).  

FIGURE 9 

 

Figure 9. rHDL-apoE-mediated cholesterol internalization in cultured human SH-SY5Y neuroblastoma cells controls 
(plain bars) or overexpressing PCSK9 (striped bars). Differentiated SH-SY5Y cells were treated with or without 
Aβ1-42 fibrils [1µM] for 24 hours, then exposed for 4 hours to radiolabelled rHDL containing or not apoE. 
Radioactivity was then quantified in cell monolayers. Data were performed in triplicate and expressed as 
mean ± standard deviation. Statistical analyses were performed using the two-way ANOVA test, with the 
post-hoc Sidak’s multiple comparison test. A value of p<0.05 was considered statistically significant. 
***p<0.001. 

However, when rHDL particles not containing apoE were used as cholesterol donors, an 

extremely modest rate of cholesterol internalization was detected as compared to the 
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process mediated by rHDL-apoE particles in both SH-SY5Y controls and PCSK9-

overexpressing cells, with no significant differences between the two considered cell lines.  

This observation clearly suggests that PCSK9, through its degrading activity on receptors 

such as LDLR and apoER2, may act by counteracting the cholesterol internalization 

process in neurons, which is specifically mediated by apoE. This experimental evidence 

was also confirmed in a similar experimental model, by evaluating cholesterol 

internalization mediated by rHDL-apoE in Wild Type SH-SY5Y neuroblastoma cells 

exposed to exogenous recombinant PCSK9 [5µg/ml] for 48h. Interestingly, the incubation 

of WT SH-SY5Y  cells with human recombinant PCSK9 [5µg/ml] resulted in a significant 

reduction of rHDL-apoE-mediated cholesterol uptake as compared to non-treated WT 

SH-SY5Y cells (-16%, p<0.05; data not shown). 

1.2.2 Impact of PCSK9 on endogenous cholesterol biosynthesis 

The impact of PCSK9 overexpression on endogenous cholesterol biosynthesis was 

evaluated. Indeed, the endogenous biosynthetic pathway represents the other cellular 

mechanism, together with exogenous cholesterol uptake, that provides the adequate 

cholesterol pool, despite its rate and efficiency being extremely low in adult neurons 172. 

Similarly to what was previously described in astrocytes, the experimental conditions to 

evaluate endogenous cholesterol biosynthesis in neuroblastoma cells were first set up. The 

obtained results clearly indicated that also in cultured SH-SY5Y cells cholesterol 

biosynthetic pathway was detectable and modulable by different amounts of exogenous 

cholesterol content, experimentally represented by different percentages of FCS (data not 

shown). Indeed, in SH-SY5Y cells cultured with 5% v/v of FCS, the endogenous 

cholesterol synthesis rate was reduced as compared to SH-SY5Y cells cultured with 1% 

v/v of FCS (-38%, p<0.001). Once set the optimal experimental conditions, the effect of 

PCSK9 overexpression on endogenous cholesterol biosynthesis was then investigated. As 

reported in Figure 10, in neuroblastoma cells the overexpression of PCSK9 was associated 

with a significant reduction of cholesterol synthesis (-25% as compared to control SH-

SY5Y cells, p<0.01). This experimental observation was peculiar, as PCSK9 incubation in 

astrocytes was associated with the opposite effect (Figure 2), leading to a significant 

increase in their cholesterol biosynthetic rate. However, similarly to what was previously 

observed in U373 astrocytoma cells, the incubation with Aβ1-42 fibrils [1µM] for 24 hours 
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showed no impact on endogenous cholesterol biosynthesis (Figure 10) both in SH-SY5Y 

controls and PCSK9-overexpressing cells.  

FIGURE 10 

 

Figure 10. Endogenous cholesterol biosynthesis in cultured human SH-SY5Y controls (plain bars) and SH-SY5Y-
overexpressing PCSK9 (striped bars) neuroblastoma cells. Differentiated SH-SY5Y neuroblastoma cells were 
treated with or without Aβ1-42 fibrils [1µM] for 24 hours, then cholesterol biosynthesis was evaluated by 
incubating cells with 14C acetate and monitoring its incorporation into newly-synthesized cholesterol. Data 
were performed in triplicate and expressed as mean ± standard deviation. Statistical analyses were performed 
using the two-way ANOVA test, with the post-hoc Sidak’s multiple comparison test. A value of p<0.05 was 
considered statistically significant. *p<0.05; **p<0.01. 

 

1.2.3 Impact of PCSK9 and cholesterol excess or depletion on cell viability  

Additionally, the impact of PCSK9 overexpression on cell viability in 

neuroblastoma cells exposed to either cholesterol depletion or its excess was investigated. 

Indeed, sterols levels in neurons requires a fine regulation, as both cholesterol deficiency, 

as well as its excess, has been described to negatively affect neuronal development and 

functions 133,137–139. Specifically, the basal condition was represented by cell culture 

medium enriched with 1% v/v of FCS, with a concentration of cholesterol similar to that 

retrieved in CNS 267. On the other side, cholesterol deficiency and its excess were 

simulated by incubating cells with a culture medium enriched in 0.2% w/v of BSA or 25 

µM of cholesterol, respectively.  
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FIGURE 11 

 

Figure 11. Cell viability in cultured human SH-SY5Y controls (plain bars) and SH-SY5Y-overexpressing PCSK9 
(striped bars) neuroblastoma cells incubated with different concentrations of exogenous cholesterol. Differentiated SH-
SY5Y neuroblastoma cells were treated for 48 hours with a culture medium supplemented with 1% v/v of 
FCS (Basal) or 0.2% w/v of BSA, representing a condition of cholesterol depletion, or supplemented with 
25µM of cholesterol, representing a condition of cholesterol excess. Cell viability was then assessed through 
MTT assay. Data were performed in triplicate and expressed as mean ± standard deviation. Statistical analyses 
were performed using the two-way ANOVA test, with the post-hoc Sidak’s multiple comparison test. A value 
of p<0.05 was considered statistically significant. **p<0.01. 

As shown in Figure 11, in basal conditions PCSK9 overexpressing SH-SY5Y cells were 

characterized by similar viability as compared to SH-SY5Y controls. On the other hand, as 

expected, both cholesterol depletion and excess caused a reduction of neuroblastoma 

viability. Specifically, cholesterol-depleted SH-SY5Y control neuroblastoma cells were 

characterized by a reduction of their viability of about 35% as compared to the basal 

condition. A similar trend was retrieved also in cholesterol-depleted PCSK9-

overexpressing SH-SY5Y (-42.5% as compared to the basal condition), with a more 

pronounced reduction in cell viability as compared to control SH-SY5Y neuroblastoma 

cells, however not reaching the statistical significance. Cholesterol excess induced an even 

more evident reduction of neuronal viability in SH-SY5Y control cells (-50% as compared 

to the basal condition), which is more pronounced in PCSK9-overexpressing SH-SY5Y 

neuroblastoma cells (-66.3% as compared to the basal condition). In this context, the 

overexpression of PCSK9 in SH-SY5Y was associated with a pronounced and significant 

reduction of neuronal viability as compared to SH-SY5Y control cells exposed to the same 

cholesterol loading (p<0.01 vs SH-SY5Y control).  
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1.2.4 Impact of PCSK9 on cell viability in presence of Aβ1-42 

Finally, as performed for astrocytoma cells, the potential cytotoxic effect of the 

enzyme was analysed in PCSK9-overexpressing SH-SY5Y neuroblastoma as compared to 

SH-SY5Y cells in presence of increasing concentrations of Aβ1-42 (Figure 12) at different 

degrees of aggregation: oligomers and fibrils. As reported in Figure 12A, the incubation of 

SH-SY5Y control cells with Aβ1-42 oligomers negatively affected cellular viability only 

when incubated at [10µM] (p<0.0001 vs SH-SY5Y control cells not incubated with Aβ1-42 

oligomers; r2 for dose-dependency=0.9). On the other side, Aβ1-42 fibrils (Figure 12B) were 

able to affect neuronal viability already at [1µM] (p<0.0001 vs SH-SY5Y control cells not 

incubated with Aβ1-42 fibrils), which becomes more pronounced at [5µM] and [10µM], in a 

dose-dependent manner (p<0.0001 vs SH-SY5Y control cells not incubated with Aβ1-42 

fibrils for both; r2 for dose-dependency=0.66). Interestingly, PCSK9 overexpression was 

able to significantly affect neuronal viability in cells treated with both Aβ1-42 fibrils and 

oligomers. Indeed, as reported in Figure 12A, PCSK9-overexpressing cells treated with 

Aβ1-42 oligomers [1µM] were characterized by a reduction of 19% of cell viability as 

compared to SH-SY5Y controls exposed to the same oligomeric concentration (p<0.0001), 

while PCSK9-overexpressing cells incubated with Aβ1-42 oligomers [5µM] were 

characterized by a reduction of 24% of cell viability as compared to controls (p<0.0001). 

Finally, PCSK9 overexpressing cells treated with Aβ1-42 Oligomers [10µM] displayed a 

reduction and about 11% as compared to controls (p<0.05). Concerning the impact of 

PCSK9 in cells incubated with Aβ1-42 fibrils, as reported in Figure 12B, PCSK9-

overexpressing SH-SY5Y cells were characterized by a more neurotoxic effect with respect 

to SH-SY5Y control cells, showing a reduction of about 16% of cellular viability in 

presence of Aβ1-42 Fibrils [1µM] (p<0.001 compared to SH-SY5Y controls exposed to the 

same Aβ1-42 Fibrils concentration), that becomes less pronounced in cells exposed to Aβ1-42 

Fibrils [5µM] and [10µM] (-10%, p<0.05 for both).  
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FIGURE 12

 

Figure 12. Cell viability in cultured human SH-SY5Y controls (black line) and SH-SY5Y-overexpressing PCSK9 (green 
line) neuroblastoma cells incubated with different concentrations of Aβ1-42 oligomers (A) and Aβ1-42 fibrils (B). 
Differentiated SH-SY5Y neuroblastoma cells were treated for 48 hours with concentrations of Aβ1-42 oligomers 
and Aβ1-42 fibrils ranging from [1µM] to [10µM]. Cell viability was then assessed through MTT assay. Data 
were performed in triplicate and expressed as mean ± standard deviation. Statistical analyses were performed 
using the two-way ANOVA test, with the post-hoc Sidak’s multiple comparison test. A value of p<0.05 was 
considered statistically significant. * refers to the Basal condition and ° refers to SH-SY5Y CTRL cells treated 
with the same concentration of oligomers or fibrils. ° p<0.05; *** p<0.001; **** and °°°° p<0.0001. 

 

 

 

 

 

 

 

 

 

 

 

 

 



                                                  Results                                                                                                                                   

 97 

2. INFLUENCE OF PCSK9 ON CHOLESTEROL PARAMETERS: 

EX VIVO EVIDENCE FROM AD TRANSGENIC MODELS  

Having previously observed through in vitro studies a potential negative impact of 

PCSK9 on both astrocytic and neuronal cholesterol metabolism, with a possible 

compromising of brain cholesterol transport, this second part of the study aimed to 

investigate the potential PCSK9-derived effect on specific cholesterol-related parameters 

in ex vivo samples from animal models. To this purpose, a new transgenic mouse has been 

generated, in collaboration with the University of Modena and Reggio Emilia, as widely 

described in the Material and Method section. Briefly, 5XFADhe mice, expressing five 

mutations associated with familial AD, were bred with PCSK9ko mice, thus generating a 

new mouse model that recapitulates the major behavioural and anatomopathological 

features of AD, lacking also PCSK9. This specific mouse model was compared to specific 

controls as follows: 

- WT – PCSK9he mice (n=14) 

- WT – PCSK9ko mice (n=10) 

- 5XFADhe – PCSK9he mice (n=13) 

- 5XFADhe – PCSK9ko mice (n=12) 

Additionally, the four above-listed experimental groups were compared with WT and 

5XFADhe mice, both carrying two WT PCSK9 alleles, in order to investigate a possible 

gene-dependent effect of PCSK9 presence, and specifically: 

- WT – PCSK9wt mice (n=3) 

- 5XFADhe – PCSK9wt mice (n=4) 

Within this experimental setting, cholesterol and its main oxidised metabolites, 24-, 25- 

and 27-hydroxysterols (OHC) were analysed in the isolated brain and sera specimens.  
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2.1 IMPACT OF PCSK9 ON SERUM CHOLESTEROL LEVELS 

The first parameter analysed was total cholesterol level in serum of the above-

mentioned experimental setting. As shown in Figure 13, in WT mice, not carrying the five 

mutations associated with familial AD, a gene-dependent reduction (r2 for gene-

dependency=0.581; p<0.0001) of circulating total cholesterol levels was observed in mice 

carrying a heterozygous PCSK9 mutation (****p<0.0001 vs PCSK9wt) and in mice carrying 

a homozygous PCSK9 mutation (****p<0.0001 vs PCSK9wt). Interestingly, 5XFADhe mice, 

independently on their PCSK9 genotype, were characterized by lower serum total 

cholesterol levels (***p<0.001 for PCSK9wt and ****p<0.0001 for PCSK9he and PCSK9ko vs 

WT-PCSK9wt mice). Also in mice with a 5XFADhe background, a gene-dependent 

reduction of circulating cholesterol levels was observed based on the heterozygous or 

homozygous PCSK9 deletion (r2 for gene-dependency=0.262; p=0.005). 

FIGURE 13 

 

Figure 13. Serum cholesterol levels of WT or 5XFADhe mice with homozygous or heterozygous PCSK9 mutation. After 
sacrifice, a small aliquot of blood was collected, serum was isolated and then conserved at -80°C until use. 
Each point of the scatter plot represents the mean value of duplicate serum cholesterol quantification. The 
Kolmogorov-Smirnov test was used to determine the normality of the distribution. To compare the six 
experimental groups the one-way ANOVA test was performed for data normally distributed, while skewed 
variables were compared by the Kruskal-Wallis test. The Dunnett’s post-hoc test was performed for multiple 
comparisons. A value of p<0.05 was considered statistically significant. * refers to WT-PCSK9wt and ° to WT-
PCSK9he. ° p<0.05; *** p<0.001 and ****p<0.0001. 
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2.2 IMPACT OF PCSK9 ON SERUM HYDROXYSTEROLS LEVELS 

Cholesterol metabolites, mainly oxidative products such as hydroxysterols (OHC), 

have been suggested as possibly altered in different neurodegenerative diseases, 

including AD 327,334, and have been proposed as new disease biomarkers. To this aim, 

three of the main hydroxysterols, 24-, 25- and 27-OHC have been quantified in serum of 

the analysed experimental groups through LC-MS/MS, as deeply described in the 

Material and Method section.  

FIGURE 14 
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Figure 14. Serum levels of 24-OHC (A), 25-OHC (B) and 27-OHC (C) in WT or 5XFADhe mice with homozygous or 
heterozygous PCSK9 mutation. Each point of the scatter plot represents the mean percentage of duplicate 
quantification of serum. The horizontal, solid line represents the mean of each group. The Kolmogorov-
Smirnov test was used to determine the normality of the distribution. The one-way ANOVA was performed 
for data normally distributed, while skewed variables were compared by the Kruskal-Wallis test. The 
Dunnett’s post-hoc test was performed for multiple comparisons.  

As reported in Figure 14A, no differences were detected in 24-OHC levels between the six 

analysed animal groups, with no changes nor between mice with a WT or 5XFADhe 

genetic background, nor based on the presence of two fully functioning PCSK9 alleles or 

their heterozygous or homozygous deletion. A similar picture was also observed for 25-

OHC (Figure 14B) and 27-OHC (Figure 14C) levels in all the six considered animal 

groups. However, these observations are possibly affected by the small number of 

samples in both  WT-PCSK9wt and 5XFADhe-PCSK9wt experimental groups, which will be 

furtherly implemented.   

2.3 IMPACT OF PCSK9 ON BRAIN CHOLESTEROL LEVELS 

Subsequently, in the above-mentioned animal models, brain cholesterol levels 

were quantified. As the brain represents the most sterol-enriched bodily organ, before 

cholesterol quantification, the cerebral tissue of each animal was carefully weighed, to 

express the analytical cholesterol concentration obtained corrected for brain weight of 

each animal. As reported in Table 1, no significant differences were found in mice brains’ 

weight based on their specific genotype.  

TABLE 1 

GENOTYPE Brain weight (mg) 

WT-PCSK9wt 470 (460 - 482.4) 

WT-PCSK9he 477 (466.5 - 479.2) 

WT-PCSK9ko 482 (462.4 - 490.5) 

5XFADhe-PCSK9wt 462.2 (440.2 - 524.1) 

5XFADhe-PCSK9he 491.3 (482.7 - 494.9) 

5XFADhe-PCSK9ko 486.7 (480 - 494.4) 

Table 1. Median brain weight of the six studied experimental murine models. The Kolmogorov-Smirnov test was 
used to determine the normality of the distribution. Continuous variables were reported as median 
(interquartile range [IQR] defined as the 25th percentile – 75th percentile) for skewed distribution. To compare 
the three groups, the one-way ANOVA test was performed for data normally distributed, while skewed 
variables were compared by the Kruskal-Wallis test. Dunnett’s post-hoc test was performed for multiple 
comparisons.  
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Then, total cholesterol was quantified in the right hemisphere. As reported in Figure 15, 

no differences were detected in brain cholesterol levels of WT mice, even if a trend 

towards the gene-dose dependency reduction was detected based on the PCSK9 genotype 

(r2 for gene-dependency=0.231; p=0.017). Interestingly, in 5XFADhe mice, a general 

reduction in brain cholesterol content was detected as compared to the WT ones, reaching 

the statistical significance in 5XFADhe-PCSK9wt and 5XFADhe-PCSK9he mice (*p<0.05 vs 

WT-PCSK9wt mice). In this experimental group, no differences in cholesterol levels were 

detected in mice’s brains based on their PCSK9 allelic background, probably as a 

consequence of the already low cholesterol levels induced by the heterozygous 5XFAD 

mutations.  

FIGURE 15 

 

Figure 15. Brain cholesterol levels of WT or 5XFADhe mice with homozygous or heterozygous PCSK9 mutation. After 
sacrifice, brain was isolated and then conserved at -80°C until use; cholesterol was quantified through 
Amplex® Red Cholesterol Assay kit performed upon the right hemisphere. Each point of the scatter plot 
represents the mean value of duplicate serum cholesterol quantification. The Kolmogorov-Smirnov test was 
used to determine the normality of the distribution. To compare the six experimental groups, skewed 
variables were compared by the Kruskal-Wallis test. The Dunnett’s post-hoc test was performed for multiple 
comparisons. A value of p<0.05 was considered statistically significant. * refers to WT-PCSK9wt. * p<0.05.  
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2.4 IMPACT OF PCSK9 ON BRAIN HYDROXYSTEROLS LEVELS  

Finally, in parallel with serum analyses, the most relevant cholesterol oxidised 

products were quantified also in animals’ brain. As reported in Figure 16, only 24-OHC 

and 27-OHC were detectable in brain tissue. Similarly to serum, both 24-OHC and 27-

OHC levels were comparable among the six considered experimental groups (Figure 16A 

and 16B, respectively).  

FIGURE 16 

 

Figure 16. Brain levels of 24-OHC (A) and 27-OHC (B) in WT or 5XFADhe mice with homozygous or heterozygous 
PCSK9 mutation. Each point of the scatter plot represents the mean percentage of duplicate quantification of 
cerebral tissue. The horizontal, solid line represents the mean of each group. The Kolmogorov-Smirnov test 
was used to determine the normality of the distribution. To compare the three groups, the one-way ANOVA 
was performed for data normally distributed, while skewed variables were compared by the Kruskal-Wallis 
test. The Dunnett’s post-hoc test was performed for multiple comparisons.  
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3. INFLUENCE OF PCSK9 ON CHOLESTEROL PARAMETERS: 

EX VIVO EVIDENCE FROM HUMAN SAMPLES  

The possible relevance of PCSK9 in cholesterol homeostasis alterations occurring 

in AD pathogenesis was finally investigated through an ex vivo study conducted upon 

biological samples isolated from patients with different degrees of cognitive alteration. In 

particular, in collaboration with the Department of Biomedical, Metabolic ad Neural 

Sciences of the University of Modena and Reggio Emilia and with the University Hospital 

of Modena, a case-control study was set up, aiming at evaluating the role of PCSK9 as a 

possible disease-linked biomarker. Indeed, PCSK9 quantification was performed in CSF 

and serum samples, and its association with apoE genotype and the neurobiomarkers 

normally evaluated in AD diagnosis was performed, together with the analysis of some of 

the most relevant sterol-related parameters such as cholesterol and oxidised cholesterol 

metabolites 24-, 25- and 27-OHC.   

Specifically, 83 patients were recruited by the Center of Cognitive Neurology of the 

Modena City Hospital and underwent clinical, neuropsychological and neuroimaging 

investigation, with a subsequent follow-up. As widely described in the Material and 

Method section, the recruited patients were furtherly divided into 3 experimental groups: 

- Patients with a diagnosis of MCI (MCI; n= 28); 

- Patients with MCI furtherly degenerated to AD (MCI-AD; n=27); 

- Patients with an established diagnosis of AD (AD, n=28). 

The main demographic and clinical characteristics of the considered population are 

reported in Table 2, as well as their apoE genotype. Concerning the main demographic 

parameters, MCI-AD subjects were slightly older compared to MCI subjects (* p=0.0235), 

with a median age of 67 (60-70) as compared to median age of 61.5 (54-66.75) in MCI 

subjects. Furthermore, MCI subjects were composed of a lower female percentage as 

compared to AD (46% MCI vs 75% AD, * p=0.0286). No differences were retrieved in the 

schooling years of the subjects of each group, with a median of 8 (5-13) years for both MCI 

and AD subjects and 13 (5-13) for MCI-AD patients. 
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TABLE 2 

 MCI  
(n=28) 

MCI-AD 
(n=27) 

AD  
(n=28) 

p-value 

Demographic 

parameters 
    

Age 
61.5  

(54-66.75) 

67  

(60-70) 

65  

(62-69.75) 
0.0235 (MCI-AD vs MCI) 

Female (%)   46 63 75 0.0286 (MCI vs AD) 

Schooling 

(years) 

8  

(5-13) 

13  

(5-13) 

8  

(5-13) 
ns 

apoE 

Genotype 

    

apoEƐ4 

non-carriers 

(%) 

68 20 48 
0.0005 (MCI-AD vs MCI) 

0.033 (MCI-AD vs AD) 

apoE Ɛ4 

heterozygous 

(%) 

32 60 33 
0.042 (MCI-AD vs MCI) 

0.005 (MCI-AD vs AD) 

apoE Ɛ4 

homozygous 

(%) 

0 20 19 
0.017 (MCI vs MCI-AD) 

0.013 (MCI vs AD) 

Diagnostic 

parameters 

    

MMSE 
28 

(27-29) 

27 

(24-28) 

21.5 

(16.5-25.75) 

<0.0001 (AD vs MCI) 

0.0007 (AD vs MCI-AD) 

ADL 6 ± 0 6 ± 0 5.54 ± 1.14 
0.006 (AD vs MCI) 

0.007 (AD vs MCI-AD) 

IADL 8 (0) 8 (0) 6 (1.75) 
<0.0001 (AD vs MCI) 

<0.0001 (AD vs MCI-AD) 

Aβ1-42 

(pg/ml) 
889.8 ± 303 437 ± 90.2a 416.6 ± 111b a and b <0.0001 vs MCI 

Total-Tau 

(pg/ml) 

242 

(156.8 – 300.8) 

495 

(334-699)a 

509.5 

(344 – 847)b 
a and b <0.0001 vs MCI 

Phospho-Tau 

(pg/ml) 

47.50 

(37.25 – 66) 

76 

(62-98)a 

72.5 

(60.75 – 117)b 

a 0.0002 vs MCI 

b <0.0001 vs MCI 



                                                  Results                                                                                                                                   

 105 

Table 2. Demographic and clinical characteristics of the studied subjects population. The Kolmogorov-Smirnov test 
was used to determine the normality of the distribution. Continuous variables were reported as mean ± 
standard deviation (SD) for normal distribution or median (interquartile range [IQR] defined as the 25th 
percentile – 75th percentile) for skewed distribution. To compare the three groups, the one-way ANOVA test 
was performed for data normally distributed, while skewed variables were compared by the Kruskal-Wallis 
test. Dunnett’s post-hoc test was performed from multiple comparisons. The Chi-square test was used to 
compare categorical data presented as percentages. Statistically significant values are reported in bold. 

Concerning the frequency of the apoE Ɛ4 genotype, the MCI group showed the highest 

percentage of apoE Ɛ4 non-carriers (68%) as compared to MCI-AD (20%) and AD (48%). 

On the other hand, the MCI-AD group was characterised by the highest percentage of 

heterozygous apoE Ɛ4 carriers (60%), significantly higher compared to MCI (32%; * 

p=0.042) and AD (33%; **p=0.005). Finally, the percentage of homozygous apoE Ɛ4 

carriers was similar in MCI-AD and AD patients (20% and 19%, respectively), while, 

interestingly, no patients in the MCI group was homozygous for the apoE Ɛ4 allele 

(*p=0.017 vs MCI-AD and *p=0.013 vs AD). Concerning the main AD diagnostic 

parameters, the AD group, as expected, was characterized by a clinical picture with 

poorer cognitive performances and difficulties in facing the daily activities, as reflected in 

lower MMSE, ADL and IADL scores as compared to MCI-AD and MCI subjects. 

Moreover, both AD and MCI-AD patients displayed increased and similar pathological 

CSF biomarkers as compared to MCI subjects: Aβ1-42 was indeed higher (****p<0.0001 vs 

MCI group), as well as total-tau (****p<0.0001 vs MCI group) and phospho-tau 

(***p=0.0002 for MCI-AD vs MCI group and ****p<0.00001 for AD vs MCI group).  

3.1 CSF AND SERUM PCSK9 CONCENTRATION 

The first analysed parameter was PCSK9 concentration in both CSF and serum 

(Figure 17). As shown in Figure 17A, no significant differences among the three groups 

were detected in the CSF of three considered experimental groups, except for a slight 

increase in PCSK9 levels of the AD group. Interestingly all the three patient’s groups 

displayed significantly higher CSF PCSK9 levels as compared to those of a control group 

previously analysed by our research group, whose mean levels were 0.63 ± 0.47 ng/ml 287 

(****p<0.0001 vs all).  

In serum (Figure 17B), PCSK9 levels were found to be approximately 100-fold higher as 

compared to those present in CSF. Interestingly, while no significant changes in PCSK9 

concentration were detected between MCI and AD subjects, MCI-AD displayed 

significantly higher PCSK9 levels as compared to AD patients (**p<0.01). 
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FIGURE 17 

 

Figure 17. CSF (A) and Serum (B) PCSK9 levels in MCI, MCI-AD and AD patients. Each point of the scatter plot 
represents the mean percentage of duplicate quantification of CSF and serum samples. The Kolmogorov-
Smirnov test was used to determine the normality of the distribution. The one-way ANOVA test was used to 
compare the three groups with data normally distributed, while skewed variables were compared by the 
Kruskal-Wallis test. Dunnett’s post-hoc test was performed multiple comparisons. **p<0.01. 

 

3.1.1 PCSK9 levels and apoE genotype 

Furtherly, as reported in Figure 18, PCSK9 levels were stratified between carriers 

and non-carriers of the apoE Ɛ4 isoform. Considering all the 83 subjects as a whole 

experimental group (Figure 18A), no differences were detected between CSF PCSK9 

levels in apoE Ɛ4 non-carriers and carriers. By individually analysing the patients based 

on their clinical diagnosis, a similar situation was found in MCI and MCI-AD groups 

(Figure 18B and 18C, respectively), both characterized by comparable PCSK9 levels in 

CSF of the subjects, with no differences based on their apoE Ɛ4 isoform. Interestingly, only 

within AD patients (Figure 18D), apoE Ɛ4 carriers showed significantly higher CSF 

PCSK9 concentration as compared to apoE Ɛ4 non-carriers (+ 38%; * p<0.05).  
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FIGURE 18 

        

Figure 18. CSF PCSK9 levels stratified between apoE Ɛ4 non-carriers and apoE Ɛ4 carriers within all patients 
considered as a whole group (A), or in MCI (B), MCI-AD (C) and AD (D) subjects. Each point of the scatter plot 
represents the mean percentage of duplicate quantification of CSF samples. The Kolmogorov-Smirnov test 
was used to determine the normality of the distribution. The unpaired t-test for data normally distributed or 
the Mann-Withney for data not-normally distributed test was used to compare the two groups. Dunnett’s 
post-hoc test was performed for multiple comparisons. *p<0.05 

The same stratification in serum PCSK9 levels didn’t reveal significant differences when 

considering all the subjects as a whole group (data not shown). However, by evaluating 

the single group of subjects stratified based on their apoE Ɛ4 isoform, a significant 

reduction in serum PCSK9 levels of apoE Ɛ4 carriers compared to non-carriers was 

highlighted only in the MCI group (-22%: *p<0.05).  

Finally, no significant differences were detected in PCSK9 CSF and serum concentration 

in males compared to female subjects (data not shown).    
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3.1.2 Correlation between PCSK9 levels in CSF and serum 

Additionally, CSF PCSK9 levels were correlated to those in the serum of each 

patient (Figure 19). As seen in Figure 19A, considering all subjects as a whole group, no 

significant association was found (r=0.11; p=0.331). Interestingly, in analysing the same 

relationship and considering the three single experimental groups separately, a significant 

and linear correlation was observed only in the AD group (r=0.521; p=0.004), as reported 

in Figure 19D. On the other hand, no significant association between CSF and serum 

PCSK9 levels was detected neither in MCI (Figure 19B) nor in MCI-AD patients (Figure 

19C).  

FIGURE 19 

 

Figure 19. Correlation between CSF and serum PCSK9 levels in all patients considered as a whole group (A), or in MCI 

(B), MCI-AD (C) and AD (D) subjects. Relationships were established by non-parametric correlation analyses, 
and for the significant values, the Spearman r coefficient is reported.  
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3.2 CSF STEROLS QUANTIFICATION 

Afterwards, cholesterol concentration in CSF was quantified and reported in 

Table 3. The obtained values are in line with CSF cholesterol values previously described 

267; in this context, no significant differences were detected among the three considered 

experimental groups. 

TABLE 3 

 

Experimental 
Group 

 

n 
CSF Cholesterol (µg/ml) 

Median 
25th-75th 

percentile 

 

MCI 

 

28 

 

1.08 

 

0.857 - 1.34 

MCI-AD 27 1.159 0.931 – 1.528 

AD 28 1.013 0.773 – 1.505 

Table 3. CSF Cholesterol levels in MCI, MCI-AD and AD patients. Each CSF sample has been tested twice and the 
mean value has been considered. The table summarizes the experimental number in each patient’s group, the 
median value of CSF cholesterol and the values included in the 25th and 75th percentile. The Kolmogorov-
Smirnov test was used to determine the normality of the distribution. To compare the three groups, the one-
way ANOVA was performed for data normally distributed, while skewed variables were compared by the 
Kruskal-Wallis test. The Dunnett’s post-hoc test was performed for multiple comparisons.  

In addition, similarly to the ex-vivo analyses previously described and performed in the 

murine models (Figure 14), the potential alteration of the levels of the three main 

hydroxysterols has been explored also in the recruited cohort of patients, as their 

alteration may help in lighten new AD-related pathogenic mechanisms as well as may 

serve as possible new disease biomarkers. To this aim, 24-, 25- and 27-OHC have been 

quantified in CSF through LC-MS/MS, as deeply described in the Material and Method 

section. As reported in Figure 20A, no differences were detected in 24-OHC levels 

between MCI, MCI-AD and AD subjects. A similar picture was also observed for 25-OHC 

(Figure 20B) and 27-OHC (Figure 20C) levels in MCI, MCI-AD and AD patients. 

Within this context, no changes were found by stratifying subjects based on their apoE 

genotype or sex (data not shown). 
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FIGURE 20 

 

Figure 20. CSF levels of 24-OHC (A), 25-OHC (B) and 27-OHC (C) in MCI, MCI-AD and AD subjects. Each point 
of the scatter plot represents the mean percentage of duplicate quantification of CSF. The horizontal, solid line 
represents the mean of each group. The Kolmogorov-Smirnov test was used to determine the normality of the 
distribution. To compare the three groups, the one-way ANOVA was performed for data normally 
distributed, while skewed variables were compared by the Kruskal-Wallis test. The Dunnett’s post-hoc test 
was performed for multiple comparisons.  

 

 

 

 

 

 

 

 

 



                                                  Results                                                                                                                                   

 111 

3.3 SERUM STEROLS QUANTIFICATION 

In collaboration with Professor M. Bertolotti from the University of Modena and Reggio 

Emilia, the serum lipid profile of the above-mentioned patients has been evaluated. As 

reported in Table 4, Total cholesterol (TC) values were similar in MCI, MCI-AD and AD 

subjects and, similarly, no differences were observed in LDL-C and TG levels in the three 

considered populations. On the other side, AD patients were characterized by 

significantly increased HDL-C values as compared to MCI subjects (*p=0.037). 

TABLE 4 

 MCI  
(n=28) 

MCI-AD 
(n=27) 

AD  
(n=28) 

p-value 

TC  

(mg/dl) 
206.6 ± 33.3 229.9 ± 49.43 231.7 ± 42.06  

HDL-C 

(mg/dl) 
51.96 ± 12.29 58.22 ± 16.12 62.14 ± 16.31 0.037 (MCI vs AD) 

LDL-C (mg/dl)  119.7 ± 25.53 133.4 ± 33.45 134 ± 28.5  

TG  

(mg/dl) 

117  

( 79-149) 

115  

(89-149) 

87.5  

(72.25-130.8) 
 

Table 4. Lipid profile of MCI, MCI-AD and AD patients. Each serum sample has been tested twice and the mean 
value has been considered. The Kolmogorov-Smirnov test was used to determine the normality of the 
distribution. Continuous variables were reported as mean ± standard deviation (SD) for normal distribution 
or median (interquartile range [IQR] defined as the 25th percentile – 75th percentile) for skewed distribution. 
To compare the three groups, the one-way ANOVA test was performed for data normally distributed, while 
skewed variables were compared by the Kruskal-Wallis test. Dunnett’s post-hoc test was performed from 
multiple comparisons. Statistically significant values are reported in bold. TC: Total cholesterol; HDL-C: HDL 
cholesterol; LDL-C: LDL cholesterol; TG: triglycerides. 

In addition, similarly to CSF analyses, hydroxysterols, namely 24-, 25- and 27-OHC, have 

been quantified in serum of the considered cohort of patients through LC/MC-MS. As 

shown in Figure 21, the serum concentration of all the three considered hydroxysterols 

was significantly higher as compared to the one retrieved in CSF (about a 15-20-fold 

increase as compared to CSF). No differences were detected in serum 24-OHC (Figure 

21A) and 27-OHC (Figure 21C) among MCI, MCI-AD and AD subjects. Interestingly, as 

shown in Figure 21B, slightly higher levels of 25-OHC were found in MCI-AD as 

compared to AD subjects (*p<0.05). 
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FIGURE 21 

 

Figure 21. Serum levels of 24-OHC (A), 25-OHC (B) and 27-OHC (C) in MCI, MCI-AD and AD subjects. Each point 
of the scatter plot represents the mean percentage of duplicate quantification of serum. The horizontal, solid 
line represents the mean of each group. The Kolmogorov-Smirnov test was used to determine the normality of 
the distribution. To compare the three groups, the one-way ANOVA was performed for data normally 
distributed, while skewed variables were compared by the Kruskal-Wallis test. The Dunnett’s post-hoc test 
was performed for multiple comparisons.  

Within this context, no changes were found by stratifying subjects based on their apoE 

genotype or sex (data not shown). 

As previously discussed, AD pathogenesis is tightly linked to a dysregulation in 

cholesterol homeostasis; within this context, central and peripheral cholesterol pools are 

traditionally considered as separated districts due to the presence of BBB, even if the 

extent of this separation has been currently questioned and represents an interesting field 

of investigation. In this regard, the possible correlation between peripheral and central 

lipid values has been investigated. As reported in Figure 22A, a significant association 

was found between serum HDL-C values and CSF 24-OHC levels when considering all 

the subjects as a whole group (r=0.242; p=0.04). Interestingly, this linear correlation 

acquires even more strength when considering only apoE Ɛ4 carriers (r=0.526; p=0.001; 
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Figure 22B), while it disappears when only the non-apoE Ɛ4 carriers subjects are analysed 

(data not shown). 

FIGURE 22 

 

Figure 22. Correlation between Serum HDL-C and CSF 24-OHC levels in all patients considered as a whole group (A) 
and in apoE Ɛ4 carriers (B). Relationships were established by non-parametric correlation analyses, and for the 
significant values, the Spearman r coefficient is reported.  

 

3.4 CORRELATIONS BETWEEN PCSK9 AND HYDROXYSTEROLS 

Considering the great impact of both PCSK9 and hydroxysterols in cerebral lipid 

metabolism, the possible correlation between these two parameters has been evaluated.  

As reported in Figure 23, a significant, inverse association between 27-OHC and PCSK9 

was found when considering all the subjects as a whole group. Specifically, CSF PCSK9 

levels inversely associated with CSF 27-OHC levels (r=-0.238, p=0.047; Figure 23A) and 

with serum 27-OHC levels (r=-0.228; p=0.05; Figure 23B). 

 

 



                                                  Results                                                                                                                                   

 114 

FIGURE 23

 

Figure 23. Correlation between CSF 27-OHC and CSF PCSK9 (A) and serum PCSK9 (B) levels in all patients 

considered as a whole group. Relationships were established by non-parametric correlation analyses, and for the 
significant values, the Spearman r coefficient is reported. 

Furthermore, considering CSF, no significant correlations were found between PCSK9 

and 24-OHC levels when considering all the subjects as a whole group (Figure 24A). 

Interestingly, by separately analysing only the apoE Ɛ4 carriers (Figure 24B), a significant, 

inverse correlation emerged (r= -0.340; p= 0.036).  

FIGURE 24 

 

 Figure 24. Correlation between CSF 24-OHC and CSF PCSK9 levels in all patients considered as a whole group (A), or 
in apoE Ɛ4 carriers only (B). Relationships were established by non-parametric correlation analyses, and for the 
significant values, the Spearman r coefficient is reported 

Finally, no significant correlations were found between either CSF or serum PCSK9 levels 

and the specific AD biomarkers, such as Aβ1-42, total-tau, phospho-tau and the specific 

scores aimed at evaluating the patient’s cognitive impairment, such as MMSE, ADL and 

iADL (data not shown). 
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In the present research work the potential involvement of PCSK9 in brain cholesterol 

dysregulation, which represents a central aspect of AD 374, has been investigated, 

providing new evidence that contributes to identifying PCSK9 as a possible disease-

related biomarker and a pharmacological target. PCSK9, one of the major regulators of 

plasma LDL-C levels due to its degrading activity on LDLR 233, is also expressed in CNS 

243, where it takes part in the modulation of several relevant processes 243,246–249. Since 

lipoprotein receptors may be sensitive to the degrading activity of brain PCSK9, as in 

peripheral tissues, a direct involvement of PCSK9 in cholesterol metabolism has been 

postulated 250–252,344,345. 

Aiming in investigating the possible relationship between PCSK9 and cerebral cholesterol 

homeostasis in AD, a translational study was set up, following three different 

experimental approaches including in vitro studies on cultured astrocytes and neuronal 

cell models, and ex vivo analyses upon samples isolated from both animal models of the 

disease and patients with different degrees of cognitive impairment.  

In the first part of the research work, by conducting in vitro experiments upon human cell 

models of astrocytes and neurons, the impact of PCSK9 on the most relevant steps of 

brain cholesterol transport has been explored. Cholesterol is indeed extremely relevant for 

cerebral homeostasis 126,130 and brain cholesterol metabolism disturbances have been 

described in several neurodegenerative diseases, including AD 133,137,138,140. Brain relies on 

in situ cholesterol biosynthesis, due to the presence of BBB, which impedes access to 

peripheral cholesterol 126,167. Adult neurons strongly depend on cholesterol provided by 

astrocytes, as their endogenous cholesterol rate, high during the embryogenesis, 

progressively decreases 170. Hence, brain cholesterol transport represents a crucial step for 

neuronal homeostasis and, specifically, newly-synthesized cholesterol and apoE from 

astrocytes are complexed in apoE-containing lipoparticles, finally internalized into 

neurons, thus contributing to their cholesterol supply 186,187. In this study, U373 

astrocytoma cells were used as an in vitro model of astrocytes, that represents the most 

abundant glial cells and play a relevant role in CNS both by providing neurons with 

several trophic factors, including cholesterol 185, and by presiding over brain immune 

surveillance 75. Furthermore, cultured astrocytes were incubated with Aβ1-42 fibrils in 

order to reproduce an AD-like experimental setting. Specifically, Aβ1-42 fibrils’ selection 

derives from a preliminary analysis of the impact of Aβ1-42 at different concentrations and 

degrees of oligomerizations, namely Aβ1-42 oligomers and fibrils, on cellular viability. 

Interestingly, in absence of any cytotoxic effect exerted by PCSK9, Aβ1-42 oligomers were 
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able to significantly impact astrocytes’ viability already at lower concentrations as 

compared to Aβ1-42 fibrils. In this regard, the available evidence aiming at investigating 

whether oligomeric or fibrillar Aβ1-42 species are most toxic is still controversial, and may 

possibly be related to several parameters that may affect the clarity of this outcome, 

including the assay used to monitor cell viability, the experimental protocol followed to 

reconstitute the above-mentioned Aβ1-42 aggregates, as well as the use of primary or 

continuous cell lines 375. However, there is consensus in acknowledging that Aβ1-42 

oligomers and fibrils promote a differential profile of pro-inflammatory cytokines and 

chemokines release, probably as a consequence of their differential size and structure, 

thus of their interaction with cellular receptors and channel 376, that may finally impact 

their differential effect on astrocytes’ viability. Since Aβ1-42 fibrils represent the most 

common neuropathological oligomerization form retrieved in AD brains 370, this 

aggregation form at [1µM] was selected to explore the impact of PCSK9 on cholesterol-

related parameters in AD-like conditions, in absence of any cytotoxic effect derived from 

the incubation with Aβ1-42 fibrils. Furthermore, Aβ1-42 fibrils [1µM] is the most commonly 

used concentration reported in the literature. However, since AD patients are 

characterized by a deposition of Aβ1-42 that is present and acts for many years, it would be 

extremely interesting to evaluate an incubation time longer than 48 hours.  

Focusing on the impact of PCSK9 on brain cholesterol transport, in U373 astrocytoma cells 

PCSK9 induced a dose-dependent increase in endogenous cholesterol synthesis. 

Interestingly, this effect was independent of the presence of Aβ1-42 fibrils. This observation 

was interpreted as a possible consequence of the activation of a feedback mechanism 

involving SREBP transcription factor in response to the degrading activity of PCSK9 on 

receptors in astrocytes responsible for cholesterol internalization, similarly to PCSK9’s 

activity on hepatic receptors 233. PCSK9 involvement in the regulation of brain lipoprotein 

receptors has been previously questioned, showing, however, contrasting evidence. 

During brain development as well as after a transient ischemic stroke, PCSK9 has been 

shown to downregulate LDLR expression in mice 252. Similar evidence was reported for 

other receptors involved in neuronal cholesterol internalization belonging to the same 

family, such as apoER2, VLDLR and LRP1 206,250,377. Conversely, however, in a separate 

study performed upon adult mouse brains, PCSK9 didn’t impact LDLR and other 

lipoprotein receptors expression 251. In the present study, the incubation of astrocytes with 

human recombinant PCSK9 led to a marked reduction in LDLR and apoER2. This 

observation is furtherly confirmed by the significant reduction in the uptake of apoE-
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containing reconstituted HDL in astrocytes incubated with PCSK9, whose internalization 

is specifically mediated by the interaction with lipoprotein receptors and apoE on rHDL 

surface 157. Furthermore, PCSK9-mediated downregulation of LDLR and apoER2 

expression in astrocytes occurred independently of the presence of Aβ1-42 fibrils. Having 

observed a PCSK9-induced increase in endogenous cholesterol synthesis, possibly as a 

consequence of the reduced cholesterol internalization due to the degrading activity of the 

receptors involved in exogenous uptake, the net intracellular cholesterol content was 

subsequently analysed, highlighting that PCSK9 led to an overall reduction in total 

cholesterol content in astrocytes. Interestingly, the treatment with Aβ1-42 fibrils also 

lowered astrocytic cholesterol content, with a more pronounced effect when co-incubated 

with PCSK9. These observations are peculiar and suggest that the significant increase in 

endogenous cholesterol biosynthesis induced by PCSK9 wasn’t able to completely 

counterbalance the reduced cholesterol uptake derived from the degrading activity of the 

enzyme on the lipoprotein receptors. Furthermore, Aβ1-42 fibrils, whose incubation has 

been performed to simulate the AD-like experimental conditions, were able to furtherly 

reduce the net intracellular cholesterol content by synergistically acting with PCSK9. The 

molecular mechanisms of the specific Aβ1-42 fibrils-dependent intracellular cholesterol 

content reduction are not yet fully understood and deserve further investigations, but 

they’re probably not related to lipoprotein receptors, since our results showed that Aβ1-42 

fibrils didn’t impact either on LDLR or on apoER2 expression. Within this contest, 

membrane cholesterol content represents one of the main and most relevant cellular pools 

of free cholesterol, playing an extremely relevant role due to its involvement in cholesterol 

efflux and in mediating cellular functions in CNS 372. Interestingly, the PCSK9-induced 

reduction of the overall intracellular cholesterol content, however, didn’t affect the 

membrane cholesterol pool in astrocytes. On the other side, the presence of Aβ1-42 fibrils 

led to a moderate but significant reduction in the amount of free cholesterol contained in 

the plasma membrane of astrocytes. In addition, since the intracellular cholesterol pool is 

constituted by a dynamic balance between the newly synthesized rate, the fraction 

internalized from the extracellular milieu as well as the fraction of cholesterol that flows 

outside the cells through the active efflux process, the impact of PCSK9 was evaluated in 

this latter mechanism. PCSK9, indeed, exerted a neutral impact on astrocytic cholesterol 

efflux mediated by the two main membrane transporters, namely ABCA1 197 ad ABCG1 

196. Interestingly, Aβ1-42 fibrils were associated with a reduction in cholesterol efflux to 

apoE as extracellular acceptor, suggesting a peculiar interference of Aβ1-42 fibrils with 
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ABCA1-mediated efflux, that has been furtherly confirmed by quantifying the transporter 

expression through Western Blot analysis. This observation is consistent with the 

previously described Aβ1-42 fibrils-mediated reduction of membrane cholesterol content. 

Indeed, a reduction in cholesterol efflux from reactive cultured astrocytes, possibly related 

to the Aβ1-42 fibrils-induced downregulation of ABCA1-expression was also previously 

observed 378. The evidence that Aβ1-42 fibrils may inhibit ABCA1 expression is consistent 

with previous findings in brain of AβPP/PS1 transgenic mice, characterized by increased 

Aβ processing and deposition 379. Conversely, a recent study reported an increase in 

ABCA1 levels following Aβ1-42 fibrils treatment in primary cultured astrocytes, in 

presence, however, of a decreased cholesterol efflux; the molecular mechanisms of this 

apparently contrasting evidence have not been fully elucidated but are probably related to 

an interference of apoE lipidation process 380.  

Globally, within this experimental setting, the net effect resulting from PCSK9-induced 

increased synthesis and impaired endocytosis led to a reduction in astrocyte cholesterol 

content that was furtherly lowered by the co-incubation with Aβ1-42 fibrils. The 

mechanism underlying this effect is now under investigation, but these observations 

clearly point to an impaired astrocyte cholesterol homeostasis, namely reduced 

intracellular cholesterol that, eventually, may translate in reduced supply to neurons.  

Concerning the impact of PCSK9 on the last step of the cholesterol transport towards 

neurons, human neuroblastoma SH-SY5Y cells were retrovirally transduced to 

overexpress PCSK9. In addition, PCSK9-overexpressing and control neuroblastoma cells 

were induced to differentiate in neuronal-like cells following the incubation with all-

trans-retinoic acid (ATRA), able to promote metabolic and morphological changes to 

mimic neuronal responses 355. Interestingly, PCSK9 overexpression in differentiated 

neuroblastoma cells was associated with a significant reduction in cholesterol 

internalization from apoE-containing reconstituted HDL, which occurs independently of 

Aβ1-42 fibrils, as also previously observed in astrocytes. The PCSK9-mediated reduction of 

exogenous cholesterol uptake is consistent with the strong reduction of both LDLR and 

apoER2 expression occurring in PCSK9-overexpressing neuroblastoma cells, which has 

been preliminarily demonstrated by our research group. Furthermore, this observation is 

in accordance with previous reports indicating that PCSK9 was able to downregulate 

cerebral LDLR expression during embryogenesis and transient ischemic stroke in mice 252.  

The impact of PCSK9 on neuronal cholesterol biosynthesis was then evaluated and, 

differently from the observation previously described in astrocytes, PCSK9 acted by 
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furtherly downregulating the already low cholesterol biosynthesis in neurons. This 

observation also suggests that the regulatory mechanisms in neuronal cells may differ 

from those in astrocytes. Indeed, despite the enzymatic reactions leading to endogenous 

cholesterol biosynthesis being common in all tissues, two different, despite interlinked, 

processes have been proposed, namely the Kandutsch-Russell pathway for adult neurons 

and the Bloch pathway for astrocytes and developing neurons 170,174. Within this context, it 

has previously been demonstrated that neurons prematurely abandon the energetic 

expensive cholesterol biosynthesis and depend on the less expensive uptake of cholesterol 

synthesized in astrocytes, that, on the other side, still maintain a high biosynthetic 

efficiency with a higher ability to up-regulate the synthetic pathway with respect to the 

cellular needs 170. Hence, this observation, together with those related to the PCSK9-

mediated impairment of cholesterol uptake, may suggest that the overall effect of the 

enzyme in neurons is linked to the reduction in intracellular cholesterol levels, which may 

have deleterious consequences on neuronal survival 24. As a possible consequence, the 

increased apoptosis due to the dysregulation of a plethora of intracellular mechanisms 

leads to a dysfunction in neuronal metabolism eventually leading to cellular loss 381. 

Consistently, also in the present experimental model, both cholesterol depletion, but also 

excess cholesterol were associated with a reduction in neuronal viability, which is 

furtherly worsened by the presence of PCSK9, thus confirming the possible pro-apoptotic 

role of PCSK9 previously hypothesized through in vitro studies 382.  

Furthermore, PCSK9-mediated worsening of neurotoxicity was observed also in neurons 

exposed to Aβ1-42 at different aggregation forms, namely Aβ1-42 oligomers and fibrils. 

Interestingly, both Aβ1-42 oligomers and fibrils induced a significant and dose-dependent 

worsening of neuronal viability, consistently with previous experimental observations 383. 

The molecular mechanisms and the specific apoptotic pathways related to the deleterious 

impact of PCSK9 on neuronal viability are currently poorly understood. In this regard, it 

has been previously demonstrated that PCSK9 may promote neuronal apoptosis through 

its degrading activity on lipoprotein receptors such as apoER2 and VLDLR, critically 

involved in the anti-apoptotic reelin pathway 247.  

Hence, data obtained through in vitro studies point to a possible disturbance of cerebral 

cholesterol metabolism induced by PCSK9, also acting in cooperation with Aβ1-42 fibrils. In 

astrocytes, indeed, PCSK9 may act by reducing the overall intracellular cholesterol 

content and thus possibly compromising the first step of brain cholesterol transport, while 
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in neurons PCSK9 may promote cellular cholesterol depletion, possibly resulting in 

compromised neuronal viability.  

The second part of the present research work focused on the impact of PCSK9 on lipid 

levels in transgenic mice model of AD with heterozygous or homozygous deletion of 

PCSK9, specifically generated for this project. In particular, serum and cerebral tissue 

were isolated from 10 months old mice and cholesterol, as well as the three main 

oxysterols, were quantified. As expected, a gene-dependent reduction in total cholesterol 

levels was highlighted in PCSK9he and PCSK9ko as compared to WT- PCSK9wt mice. 

Furthermore, the presence of the 5 mutations leading to the development of an AD-like 

phenotype in 5XFADhe mice was associated with an overall reduction of circulating 

cholesterol levels, maintaining, however, a further gene-dependent reduction related to 

PCSK9 gene expression. The reduction in serum total cholesterol levels in PCSK9ko mice 

as compared to those carrying two working PCSK9 alleles has already been observed and 

well-characterized 384 and it’s one of the most relevant in vivo pre-clinical evidence 

supporting the use of anti-PCSK9 agents (mAbs, RNAi) to treat hypercholesterolemia 

239,242.  

Furthermore, in absence of any differences in brain weight, a trend towards the reduction 

of cerebral cholesterol content was observed in WT mice with PCSK9he and PCSK9ko 

allelic background as compared to WT-PCSK9wt mice. This observation is consistent with 

previous findings and suggests that PCSK9 may act also in the cerebral district by 

downregulating total brain cholesterol content, possibly through its degrading activity on 

lipoprotein receptors, similarly as in peripheral tissues 233.  

In accordance, the administration of a PCSK9 inhibitor in rats fed with a high-fat diet was 

associated with lower hippocampal PCSK9 expression, accompanied with lower 

neuroinflammation, an amelioration in cognitive functions and, interestingly, with a 

reduction in cerebral cholesterol content 385. Interestingly, 5XFADhe mice overall displayed 

significantly lower brain cholesterol levels as compared to their WT littermates. In this 

regard, contrasting experimental evidence has been reported. Indeed, while Mast and 

colleagues reported that control and 5XFADhe mice were characterized by similar brain 

cholesterol levels 386, other experimental evidence highlighted that both brain cholesterol 

content, as well as sterol dynamics, were altered in 5XFADhe mice as compared to 

controls, with lower cerebral cholesterol and several fluctuations over the course of mice’s 

life 387. Such specific cholesterol alteration observed by ourselves suggests that in 5XFADhe 

mice the presence of mutant human APP and PSEN1 is associated with a disturbance of 
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brain cholesterol homeostasis, that accompanies the cognitive functions and 

anatomopathological alterations that have been previously described in this specific 

animal model 367. No differences in terms of brain cholesterol content were retrieved in 

5XFADhe mice based on the heterozygous or homozygous PCSK9 expression. One 

possible explanation may be related to the fact that in 5XFADhe mice, characterized by 

already lower cerebral cholesterol content as compared to their WT littermates, the 

cholesterol-lowering effect of PCSK9 observed in WT mice may be covered. In addition, 

the increased BBB permeability previously reported in 5XFADhe mice as compared to 

controls 386 may furtherly represent a disturbing element in brain cholesterol homeostasis, 

as peripheral and cerebral free cholesterol as well as PCSK9 pools, considered as separate 

districts, can come into contact 135,244. Besides cholesterol, also its mono-oxygenated 

derivatives, hydroxysterols, are known to play a central role in brain metabolism, and 

their alteration in AD has been previously described 388. Furthermore, several pieces of 

evidence suggest that also altered serum hydroxysterols levels may contribute to AD 

degeneration 334, despite the currently available experimental evidence being inconsistent, 

as hydroxysterols in serum and CSF of AD subjects were reported as increased, decreased 

or even unaltered 388,389. Hence, the most relevant oxysterols, 24-, 25- and 27-OHC were 

quantified in both serum and cerebral tissue of the considered animal models, observing 

that nor the presence of heterozygous and homozygous mutations in PCSK9 encoding 

sequence, nor the 5XFADhe allelic background were able to affect oxysterol balance. One 

possible limitation of this latter observation may be assumed to the relatively small 

sample size of PCSK9wt mice, both in animals with the WT or 5XFADhe genic background 

and representing the internal control groups, that necessitates further analyses, still 

ongoing. 

In the third part of the present research work, a case-control study has been performed by 

recruiting 83 subjects with different degrees of cognitive impairment, namely subjects 

with stable MCI, patients with MCI that furtherly degenerated to AD at follow-up, and 

patients with clinically diagnosed AD. As expected, the main specific AD diagnostic 

parameters such as Aβ1-42, Total-Tau and phospho-Tau were significantly increased in 

both AD and MCI-AD patients; in addition, AD patients displayed poorer cognitive 

performances. These observations are in line with previous evidence suggesting that the 

alterations in the main molecular biomarkers used to formulate an AD diagnosis may 

precede the cognitive decline 390. Interestingly, apoE Ɛ4 genotype was the most prevalent 

in MCI-AD and AD subjects. This observation is in line with previous evidence, pointing 
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apoE Ɛ4 isoform as the major genetic risk factor that predisposes to AD development 59. 

ApoE, in fact, is an apolipoprotein known to play a relevant role in cerebral homeostasis 

in both physiological and pathological conditions. ApoE is directly synthesized in situ, 

where it participates in several processes including brain cholesterol transport, the 

maintenance of synaptic plasticity as well as the modulation of the Aβ aggregation 

process 391. Within this context, different lines of evidence showed that apoE Ɛ4 isoform is 

dysfunctional for several reasons, as it has been shown to be hypolipidated as compared 

to the most common apo Ɛ3 isoform, it accelerates the Aβ deposition as well as it reduces 

its clearance, and accelerates the disruption of BBB integrity 392. Accordingly, the apoE Ɛ4 

isoform in heterozygosis is associated with a 2-4-fold risk to develop AD, while its 

presence in homozygosis furtherly increases this risk up to 8-12-fold. In this regard, a 

similar prevalence of subjects carrying two apoE Ɛ4 alleles was found in AD and MCI-AD 

patients recruited in the present study, while, interestingly, no stable MCI patient was 

homozygous for the apoE Ɛ4 allele. Furthermore, MCI-AD patients were slightly older as 

compared to AD and, even more, to MCI subjects. This observation is consistent with the 

high prevalence of apoE Ɛ4 genotype among MCI-AD, since apoE Ɛ4 represents the major 

risk factor for LOAD, affecting older subjects as compared to EOAD 59.  

CSF PCSK9 levels were similar among stable MCI, MCI-AD and AD subjects, possibly 

suggesting that this parameter may not be reliable to discriminate the different phases of 

the disease, nor to predict the further degeneration to AD in patients with MCI. In this 

regard, a study previously conducted by our research group showed that CSF PCSK9 

levels were increased in AD subjects as compared to controls 287, and, interestingly, the 

absolute CSF PCSK9 values of the 83 patients recruited in the present research work were 

overall higher as compared to those of control patients previously analysed. Altogether, 

these observations suggest that PCSK9 levels in CSF may be increased since the early 

phases of the disease. Furthermore, consistently with previous findings 287, a significant 

increase in CSF PCSK9 levels was observed specifically in AD patients carrying at least 

one apoE Ɛ4 allele and reinforces the possible existence of a mechanistic connection 

between apoE Ɛ4 and PCSK9 in AD, that may also involve PCSK9’s degrading activity on 

neuronal lipoprotein receptors, able to recognize and bind apoE 187. In this regard, apoE Ɛ4 

binding to receptors involved in lipoprotein uptake has been recently investigated, 

providing evidence of an alteration in the modulation of LDLR and LRP1 shedding as 

compared to the most common apoE Ɛ3 isoform, resulting in a reduced Aβ elimination 

and, possibly, also in altered delivery of apoE-containing lipoproteins 393.  
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Serum PCSK9 levels, on the other side, were about 100-fold higher as compared to those 

retrieved in CSF, as expected 394. Unexpectedly, AD patients displayed slightly low PCSK9 

serum levels as compared to MCI-AD subjects; the reasons beyond this observation are 

not yet fully clarified and currently under investigation; one possible explanation may be 

related to a different lipid profile among the single patients 395. PCSK9 levels, indeed, are 

known to correlate with several lipid parameters 395; furthermore, their levels may be 

influenced by specific pharmacological treatments 396, possibly explaining the observed 

difference. 

Interestingly, PCSK9 levels in CSF were found to positively correlate with those in serum, 

specifically in patients affected by AD. This observation may suggest that in this latter 

subgroup of patients, characterized by an increased permeability of BBB that has been 

previously reported 122, an exchange between peripheral and central PCSK9 levels may 

occur. Hence, the increased CSF PCSK9 levels previously described in AD patients as 

compared to controls, and furtherly confirmed in the present cohort of patients with 

different degrees of cognitive impairment, may be a consequence of both an enhanced 

PCSK9 crossing of BBB from the periphery to CNS, as well as an increased local PCSK9 

expression. Supporting the latter hypothesis, it has been previously demonstrated that 

apoE -/- mice fed with a high-fat diet, presenting synaptic loss and impaired cognitive 

functions and therefore considered an AD-like experimental model, were characterized by 

increased hippocampal apoptosis, accompanied by higher BACE1 and PCSK9 expression 

341. Furthermore, apoE Ɛ4 carriers displayed an accelerated breakdown of BBB integrity in 

the hippocampus and temporal lobe, possibly contributing to cognitive decline 397, thus 

supporting the evidence of increased CSF PCSK9 specifically retrieved in AD patients 

carrying apoE Ɛ4 genotype. Consistently, the observed association between HDL-C and 

CSF 24-OHC which is specifically strengthened in apoE Ɛ4 carriers is suggestive of an 

alteration of BBB integrity occurring in this specific patient’s population 397. Following this 

observation, it’s conceivable to hypothesize that the increased BBB permeability allows 

circulating HDLs to flow into CNS, where excess cholesterol is furtherly converted by 

enzyme CYP46A1, specifically expressed in neurons 389, into the more hydrophilic 24-

OHC, finally diffusing through CSF across BBB for its final elimination. In this regard, the 

ability of HDL to cross BBB has been recently investigated through in vitro assays, 

showing that in physiological conditions discoidal HDLs were able to flow from the 

periphery to CNS, suggesting that the lipidation state of HDL’s apoA-I may be a key 
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factor for their BBB crossing 180. Hence, in presence of an AD-related increase of BBB 

permeability, a strengthened passage of peripheric HDLs to CNS may be conceivable.  

Within this contest, PCSK9 may possibly directly contribute to the worsening of BBB 

integrity. In this regard, in rats fed with a high-fat diet and characterized by cognitive 

decline, hippocampal apoptosis, BBB disruption and Aβ deposition, PCSK9 inhibition 

induced a significative amelioration of both the above-listed anatomopathological as well 

as behavioural parameters, with a significant increase in occludin expression, a key 

structural component of BBB  385.  

Furthermore, CSF cholesterol, whose levels were in line with previously reported 

quantifications 267, as well the most relevant oxysterols, 24-, 25- and 27-OHC, were similar 

among the three considered patient groups. Similarly, no changes were observed in 

circulating total cholesterol, LDL-C and triglycerides. Interestingly, AD patients displayed 

the highest plasmatic HDL-C levels; however, in this regard, literature data are 

inconsistent, reporting either increased 301 or lower HDL-C in AD patients 195, in the 

absence, however, of a causal risk of AD, as reported by Mendelian randomization studies 

195. In addition, concerning the circulating levels of the three most relevant oxysterols, 

namely 24-, 25- and 27-OHC, no marked differences were observed in the three analysed 

patients group. This evidence, combined with the observations previously described in 

the animal models, don’t support the reliability of oxysterols as specific AD biomarkers. 

Interestingly, however, an inverse correlation was found between CSF PCSK9 levels and 

both CSF and serum 27-OHC levels when considering all the subjects as a whole 

population, while CSF PCSK9 levels negatively correlated with CSF 24-OHC levels 

specifically in apoE Ɛ4 carriers. Altogether, these observations suggest a possible 

interaction between these two parameters that deserves additional investigations. 

In conclusion, the results of this translational study, performed upon in vitro as well as ex 

vivo experimental approaches, indicate the involvement of PCSK9 in AD pathogenesis. 

Indeed, in vitro results revealed an interference with cerebral cholesterol metabolism, by 

specifically disrupting brain cholesterol transport, resulting in decreased cholesterol 

supply to neurons, with negative consequences on neuronal viability. Furthermore, ex vivo 

studies on animal models of AD confirmed an involvement of PCSK9 on brain cholesterol 

homeostasis in mice, as its genetic silencing was associated with an altered cerebral 

cholesterol profile. These observations are also strengthened by a parallel study 

conducted on the same experimental model, clearly showing that PCSK9 genetic silencing 

led to a significant improvement of cognitive performances, possibly as a consequence of 
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reduced Aβ deposition and neuroinflammation. Finally, the results of the case-control 

study suggest that PCSK9 levels in CSF may start to increase since the prodromal phases 

of the disease. In addition, AD subjects, in which an increased BBB permeability has been 

previously described, circulating PCSK9 may flow to CNS, thus contributing to the 

already increased PCSK9 levels.  

Altogether, these data support the possibility to identify cerebral PCSK9 as a 

pharmacological target for the treatment of AD, for which available therapies are still 

lacking. In this regard, the currently available anti-PCSK9 drugs, namely the monoclonal 

antibodies evolocumab and alirocumab, are mainly aimed at a hepatic modulation of 

PCSK9 levels, and their ability to access CNS is estimated to be about 0.1% 398, while 

siRNA inclisiran was specifically designed to target the liver 399. Hence, the development 

of small lipophilic molecules targeting PCSK9 and able to cross BBB may represent an 

interesting future pharmacological perspective, that may pave the way to an innovative 

therapeutic approach. Cerebral PCSK9 inhibition, indeed, could restore brain cholesterol 

homeostasis, especially in the early phases of the disease. With this perspective, this novel 

pharmacological approach may open new perspectives in AD treatment, leading to an 

enormous social and medical impact. 
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