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General introduction  

Sphingolipid metabolism in Alzheimer’s disease 

It is rarely recognized in cell biology the astonishing diversity of lipid structures that enables 

functional specialization of each lipid classes and species. Sphingolipids are a class of waxy lipids 

that are important in cell membrane architecture and biology. Sphingolipids are potent second 

messengers regulating important functions during cell cycle. Furthermore, they have been 

associated with neurodegenerative disease like Alzheimer’s disease (AD) which is the most 

common form of dementia. Aging is one of the main risk factors to develop AD [1]. For this reason, 

the numbers of AD cases are expected to grow in the next decades, since life expectancy of 

western society especially, continues to increase. The burden of societal cost will be dramatic if 

new effective treatment to cure or delay memory and cognitive decline, typical symptoms of AD, 

will not come to the foreground soon. AD is a multifactorial neurodegenerative disease 

characterized by intracellular neurofibrillary tangles, extracellular aberrant amyloid-β (Aβ) 

formation called plaques, blood brain barrier damage, dysregulation of lipid pathways and 

neuroinflammation [2-5]. The contribution of these factors to memory and cognitive impairment 

remains elusive, although it is recognized from preclinical and clinical studies that multiple and 

overlapping processes may lead to synaptic and neuronal loss and consequently can compromise 

brain function. Currently, one of the main hypotheses is the amyloid cascade theory which 

postulates that Aβ production, nucleation and impaired clearance is the cause of brain 

degeneration. Nevertheless, the accompanying events leading to accumulation and aggregation 

of Aβ, neuronal death and brain atrophy remain unknown. In this thesis, we investigated the role 

of sphingolipids in Aβ accumulation, aggregation and cell death in three main mechanisms.  First, 

we asked the question if sphingolipids regulate the trafficking and/or proteolytic activity of 

membrane-bound proteins which play a fundamental role in this disorder, such as APP, β-
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secretase and γ-secretase. Second, we investigated if neurotoxic Aβ exerts their effects primarily 

by perturbing cellular membranes through direct and indirect mechanisms involving sphingolipid 

as second messengers. Third, we studied if lipids and their transporters modulate the pathogenic 

potential of Aβ, by affecting their aggregation and folding. Finally, we analyzed the therapeutic 

potential of sphingolipid modulators in affecting the pathophysiology of AD and brain 

inflammation. 

To this aim, we developed compounds and viral gene delivery systems to modulate sphingolipid 

metabolism in vitro and in vivo in the brain of experimental transgenic AD animals. 

Ceramide transfer proteins 

Ceramide transfer proteins (CERTs) are crucial carriers of ceramide in the de novo sphingolipid 

synthesis. They transport ceramides from the endoplasmic reticulum (ER) to the Golgi in a non-

vesicular manner [6, 7]. CERTs are encoded by the COL4A3BP gene, located in the chromosomal 

5q13.3 region which is translated into two isoforms by alternative splicing of exon 11 [8]. Hereafter, 

the isoform lacking 26 amino-acids-exon 11 is named CERT while the longer form known also 

the Goodpasture antigen binding protein (GPBP) will be referred to as CERTL. CERTL besides 

ceramide transfer function, is a non-conventional Ser/Thr kinase that regulates glomerular 

basement membrane collagen organization.  

CERTs  contain 3 domains with specific functions: I) N-terminal region, consisting of 120 amino 

acids, contains the pleckstrin homology (PH) domain that targets protein in the Golgi; II) the middle 

domain (MD) which contains the double phenylalanine in an acidic tract (FFAT) motif and targets 

the protein to the ER, III) C-terminal StAR-related lipid transfer domain (START), which is the 

domain able to transport ceramide [7]. Only CERTL contains a serine rich domain (SR2 composed 

by 26 amino acids) [8]. CERTs are essential to maintain physiological balance among the 

sphingolipid species [6]. When the CERT gene is knocked out, ceramide levels increase in the 

ER and in the mitochondria, affecting the integrity and function of these organelles [9]. Ceramide 
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elevation in the ER causes a chronic stress-like reaction in the cell that compromises the unfolded 

protein response (UPR) pathway [10]. In addition, it has been demonstrated that diverting 

ceramide transport to the mitochondria specifically commits cells to death [11]. These intracellular 

changes of ceramide location, in CERT deficient mice, compromise heart function, neuronal 

development and cause embryonic death [10]. Interestingly, CERT proteins are not only important 

for ceramide homeostasis and embryonic development but have also been described to be 

involved in mental retardation and autoimmunity [8, 12-14]. Additionally, Matarin et al., in a 

genome-wide gene-expression analysis on transgenic mice showed that CERT gene expression 

is decreased during progression of amyloid pathology [15]. On the contrary, the other proteins 

involved in the de novo synthesis of ceramide are increased significantly in human AD brains as 

reported by Katsel et al., [16]. The overall effect may lead to ER stress due to ceramide 

accumulation in the ER. Immunohistochemical studies have indicated that neurons of AD patients 

show prominent expression of ER stress markers [17]. CERTs are multifunctional proteins and 

our group has recently discovered CERTs to play a role in innate immunity. 

Innate immunity and CERTs in AD pathophysiology 

It is now thought that, one of the crucial processes in the development and exacerbation of AD is 

neuroinflammation [18]. Genome-wide association studies reported that variants of genes 

encoding for immune system proteins, like triggering receptor expressed on myeloid cells 2 

(TREM2), were associated with AD pathophysiology [19]. Additionally, different inflammatory 

players such as activated astrocyte and microglia, increased levels of cytokines and products of 

complement (C) activation, are found in brain tissue and body fluids of AD patients [18, 20-26]. 

One of the cytokines that has been studied in relation to AD pathophysiology is interleukin 6 (IL-

6). IL-6 regulates the acute phase reaction in response to noxious stimuli like tissue injury and 

infections. In several studies IL-6 levels were quantified in serum and brain of AD patient and they 

were found to be significantly higher than controls suggesting that could be one of the key players 
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of the acute phase reaction observed in AD [23-26]. In fact, the elevation of IL-6 stimulates the 

release of acute phase reactants such as serum amyloid P component (SAP), C factors, 

coagulant factors and other protein important for immune response amplification and regulation 

[27-29].  

It has been shown that Aβ aggregates can initiate independently an innate immune response 

primarily driven by central nervous system (CNS) resident cells, namely astrocytes and microglia. 

This immune reaction involves also C activation by direct binding of Aβ to C1q [30]. The activation 

of the C leads to the assembly of the C3 convertase which cleaves C3 into C3b and C3a. The 

C3b fragment together with other factors is then assembled in the C5 convertase which ultimately 

generates the C5a and the terminal complement complex C5b-9, named membrane attack 

complex [31]. Interestingly, the pathological severity of AD determined by Braak criteria seems to 

correlate to the C factor cascade. In other words, the later stages of AD show higher levels of the 

terminal C fragments like C5b-9 [20-22].  

However, it was unknown if other proteins may be involved in the regulation of complement 

activation and drive the immune response in the brain. Furthermore activation study performed 

on human microglia stressed by Aβ alone did not raise IL-6 levels in the supernatant, suggesting 

that Aβ has to be assisted when initiating and sustaining an immune reaction [32].  

Recently, our group showed that CERTs can directly activate the classical C pathway without the 

usual mediation of immunoglobulins [33]. CERTs were able to elicit C activation comparable to 

the immunoglobulin M known to be a strong C activator. Nevertheless, CERTs activation of C 

lead to poor C5b deposition, suggesting that the lytic membrane attack complex is not the main 

function initiated by CERTs. Furthermore, CERTs were described to colocalize with Aβ plaques 

in AD brain and bind to SAP [34]. SAP belongs to the pentraxin family of the innate immune 

system and is one of the main constituents of amyloid plaques [34].  
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Current diagnosis and treatment options in AD 

The post-mortem evaluation of pathological hallmarks, Aβ plaques and tau neurofibrillary tangles, 

of the disease is still considered the golden standard to diagnose AD. However, advancement of 

technology and new insight in disease understanding resulted in novel biomarkers cerebral spinal 

fluid (CSF) based or in vivo imaging based [35]. The most commonly used CSF biomarkers are 

Aβ1-42, total tau and phosphorylated tau or combinations and ratios of these peptides. The CSF 

Aβ1-42 is negatively correlated with disease progression, probably because of the building-up of 

Aβ in brain parenchyma in plaque deposits, while tau is positively correlated with AD pathology 

[36]. These measures are rather sensitive (about 92%) and specific (about 82%) [37]. 

Furthermore, they have proven to be effective also to predict phenoconversion from mild cognitive 

impairment (MCI) cases to full-blown AD [38]. Nevertheless, the downfall is the high intra and 

inter-laboratory differences between the tests, which can result-in up to 26% of patient receiving 

a wrong diagnosis [39]. Furthermore, the ideal intervention window to reverse the 

neurodegeneration before it is too late is now considered to be years before the  

Besides CSF markers imaging-based methods like MRI and PET have found widespread use in 

AD diagnosis. MRI scan reveals medial temporal lobe atrophy, which can be used to diagnose 

mild AD [40]. Even though hippocampal atrophy provides a sensitivity and specificity of about 80-

85%, other measures are needed to exclude other forms of dementia [41].  

The 11C Pittsburg compound B (11C-PiB), a thioflavin derived, radiotracer enables in vivo imaging 

of plaques through PET imaging [42]. 11C-PiB has a good sensitivity (about 90%) and specificity 

(about 83%) [43]. The main drawback is the short half-life of only 20 minutes, which limits the use 

to PET centers that have access to an out-site cyclotron. For this reason, several 18F-based 

tracers have been developed which gained FDA approval and are in routine clinical use [44]. 

Nevertheless, advancement in diagnostic techniques highlighted that Aβ deposition into plaques 

may be already an irreversible state and biomarker anticipating the plaque accumulation might 

be necessary. 
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Currently, AD treatments are symptomatic therapies consisting on acetylcholine inhibitors, which 

are effective in mild AD, and on NMDA receptor antagonists [45]. However, these therapies since 

they do not cope with causing factors of the disease, in time they become ineffective [46].  

General objectives 

The aim of this work was to deepen our understanding on sphingolipid metabolism in the 

pathophysiology and treatment of AD.  

Chapter 1 reviews the current literature about the emergence of sphingolipid as second 

messengers and their role in AD pathophysiology. Furthermore, we propose potential targets and 

available molecules that could help promote the development of new drugs. 

In Chapter 2, we investigated I) if CERTL interacts directly with Aβ II) whether this interaction 

conditions Aβ aggregation and cell toxicity in vitro III) if these findings were reproducible in vivo  

by overexpressing CERTL in the CNS by means of adeno associated virus (AAV) gene delivery 

system in the 5xFAD mouse model [47] IV) how CERTL overexpression affected sphingolipid 

composition V) and determine whether higher levels of CERTL in the brain affected the innate 

immune system.  

In Chapter 3, we assessed the effect of sex, age, and APOE genotypes on brain and plasma 

sphingolipid levels in transgenic mice models of AD.  

In Chapter 4, we describe I) the radiosynthesis of [18F]HPA-12, II) the [18F]HPA-12 biological 

ability to bind the START domain, III) the [18F]HPA-12 ability to cross the blood-brain barrier 

(BBB). 

In chapter 5, we investigated [18F]HPA-12 brain uptake in transgenic AD models and performed 

a pharmacological study with HPA-12. The drug was administered for 1 or 4 weeks every 48 

hours and sphingolipid composition in brain regions and plasma was evaluated by HPLC-MS. 



16 
 

Chapter 6 reports the effect of S1P analog, FTY720 or Fingolimod, on the memory impairments 

of in transgenic AD models expressing human APOE isoforms APOE3 and APOE4. Furthermore, 

sphingolipid levels were analyzed in brain and plasma. 
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Abstract 

Altered levels of sphingolipids and their metabolites in the brain, and the related downstream 

effects on the neuronal homeostasis and immune system, provide a framework for understanding 

mechanisms in neurodegenerative disorders and for developing new intervention strategies. In 

this review we will discuss: the metabolites of sphingolipids that function as second messengers; 

and functional aberrations of the pathway resulting in Alzheimer’s disease (AD) pathophysiology. 

Focusing on the central product of the sphingolipid pathway ceramide, we described approaches 

to pharmacologically decrease ceramide levels in the brain and we argue on how the sphingolipid 

pathway may represent a new framework for developing novel intervention strategies in AD. We 

will also highlight the possible use of clinical and non-clinical drugs to modulate sphingolipid 

pathways and sphingolipid-related biological cascades. 

Graphical abstract 
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List of abbreviations: 

Sphingolipids SLs 

Alzheimer’s disease AD 

Endoplasmic Reticulum ER 

Serine Palmitoyl Transferase  SPT 

Nicotinamide adenine dinucleotide phosphate  NADPH 

Ceramide Synthases 1,2,3,4,5,6 CerS1, CerS2, CerS3, CerS4, CerS5, CerS6 

Ceramide transfer protein  CERT 

Sphingomyelin Synthase 1, 2  SMS1, SMS2 

Sphingomyelinases  SMases 

Ceramidases  CDases 

Glucosylceramide synthases  GCS 

Sphingosine kinase 1, 2 SK1,2 

B cell lymphoma 2  Bcl-2 

Bcl-2 associated X protein  Bax 

p38 mitogen-activated protein kinase  p38 MAPK 

c-jun N-terminal kinase  JNK 

p75 neurotrophin receptor  p75NTR 

Prostate apoptosis response 4  PAR-4 

S1P receptors  S1PR1-5 

Atypical protein kinase Cς/λ  aPKC 

Phosphatidylinositol 4,5 bisphosphate  PI(4,5)P2 

High-density lipoproteins  HDL 

Low-density lipoproteins  LDL 

Very low-density lipoproteins  VLDL 

Apolipoproteins Apo-A B100, B48, E2, E3, E4 and M 
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Phospholipid transfer protein  PLTP 

Blood-brain barrier  BBB 

Amyloid precursor protein  APP 

β-site APP cleavage enzyme 1  BACE1 

Soluble APPβ, APPα sAPPβ, sAPPα 

C-terminal fragment  CTFβ, CTFα 

Classic tricyclic dibenzoazepines  (TCA) 

Selective serotonin reuptake inhibitors  (SSRIs) 

Functional SMase inhibitors  (FIASM) 
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Sphingolipid metabolism in the nervous system 

The sphingolipids (SLs) were discovered in the brain as structural components of cell membranes 

by J.L.W. Thudichum in 1874. SL composition and metabolism are intimately connected to brain 

development and synaptic plasticity [1]. Altered sphingolipid metabolism due to genetic mutations 

can lead to their abnormal deposition in neuronal tissue, causing severe cognitive retardation [2]. 

Recently, SL disbalance has been implicated in neurological disorders such as depression, 

Parkinson’s disease (PD) and Alzheimer’s disease (AD) [3, 4]. That is why the biochemistry of 

SLs under normal and pathological conditions has evoked a great deal of interest over the recent 

years. The SL metabolism is a highly compartmentalized pathway and mislocation of key 

intermediate products, like ceramide, from one cellular compartment to another might condemn 

cells to death [5-7]. Ceramide is considered the central product of the SL metabolism and it is 

formed via two main pathways: the anabolic pathway known as the SL de novo synthesis and the 

catabolic pathway referred to as the salvage pathway.  

De novo sphingolipid synthesis 

The first step of SL synthesis is the production of 3-keto-dihydrosphinganine in the cytosol of the 

endoplasmic reticulum (ER) by condensation of the precursors serine and palmitoyl-CoA [8]. This 

reaction is mediated by the enzyme serine palmitoyl transferase (SPT) which is strongly 

expressed in proliferating cells and in pyramidal neurons in the brain [9]. Subsequently, 3-keto-

dihydrosphinganine, is converted into sphinganine by a nicotinamide adenine dinucleotide 

phosphate (NADPH) dependent reductase named 3-keto-dihydrosphingosine reductase [10].  

Sphinganine or sphingosine is the substrate of a family of acyl-CoA transferases, called ceramide 

synthases (CerSs). There are six known CerSs present in eukaryotic cells and each of the six 

CerSs can couple sphingosine or sphinganine with a particular specificity to a long-chain fatty 

acid of varying length to form ceramide or dihydroceramide [11]. CerS1, 2, 5 and 6 mediate the 

acetylation with shorter acyl chain lengths of CoA (C14-C20) while CerS3 and 4 have an affinity 
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for long acyl chain fatty acids (C22-C26) [12, 13]. In neuronal cells, C18 acyl chains are coupled 

to sphinganine at the highest rate and in glial cells, C18 and C24 acyl chains [14].  

The central product of the de novo biosynthetic pathway are ceramides. Ceramides are formed 

by the enzyme dihydroceramide desaturase which removes two hydrogen atoms creating the 4,5-

trans double bond to the sphinganine base of dihydroceramide [15]. Once formed, ceramide is 

delivered to the Golgi complex to produce more complex SLs. Major modifications can be induced 

at the C-1 hydroxyl group. This hydroxyl group serves as an acceptor group for monosaccharide 

to produce glycosphingolipids, or as phosphoryl choline acceptor to yield sphingomyelin [16, 17]. 

Most of the ceramides are transported from the ER to the Golgi apparatus, either through vesicular 

transport to act as a precursor for galactosyl-ceramide, or via an ATP-dependent process 

mediated by the ceramide transfer protein (CERT) to act as a precursor for sphingomyelin [18]. 

The transport of ceramides via CERT is very specific, depending on the acyl chain length [19]. In 

the trans-Golgi, the ceramide transfered by CERT is almost exclusively converted into 

sphingomyelin by sphingomyelin synthase 1 (SMS1).  Glucosylsphingolipids and 

glycosphingolipids are mainly formed by ceramide that is transferred through a non-ATP 

dependent vesicular process by glucosylceramide synthases (GCS). Glycosphingolipids can be 

classified based on the number of sugar residues: monosaccharides are termed cerebrosides 

while oligosaccharides are referred to as globosides or gangliosides (with one or more sialic acids 

linked on the sugar chain). This review primarily focuses on ceramide and S1P. Readers 

interested in the function of glycolipids, particularly globosides and gangliosides in neural 

differentiation are kindly referred to the following excellent reviews on this topic: [20-27].  

The ceramide salvage pathway 

An intricate interconnection of proteolytic enzymes allows for the breakdown of complex SLs into 

ceramide and phosphatidylcholine or monosaccharide units that are recycled to produce other 

lipid metabolites [28]. This catabolic cascade is also known as the salvage pathway [29]. 

Sphingomyelin is the most abundant SL of the cell membrane and is important in membrane 
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fluidity and homeostasis [30, 31]. The breakdown of sphingomyelin is the fastest route to generate 

ceramide. The catabolism of sphingomyelin begins with the hydrolysis of the phosphodiester bond 

releasing phosphoryl choline and ceramide, a reaction that is catalyzed by sphingomyelinases 

(SMases). Five types of SMases have been discovered that differ for their pH optimum and 

cationic partner [32, 33]. The first report of SMase activity in human brain tissue showed a high 

hydrolytic activity in presence of magnesium (Mg2+) and under physiological pH [34, 35]. These 

enzymes seem to be associated with myelin and show a peculiar functional pattern with high 

activity during development which decreases with age [34, 36-38]. There are other isoforms of 

SMases which are located in the lysosomes and work efficiently under  acidic pH conditions [39]. 

More about the sphingomyelin hydrolysis cycle will be discussed in the section “Potential targets 

and modulators of the sphingolipid pathway”.  

Alternatively, glycosphingolipids can be hydrolyzed by exohydrolases, acting at acidic pH optima, 

to release monosaccharide units and ceramides [29]. Ceramide generated from sphingomyelin 

or glycosphingolipid breakdown, can be further degraded to sphingosine by several organelle-

specific ceramidases (CDases). Sphingosine can be phosphorylated into sphingosine-1-

phosphate (S1P), a potent pro-survival signaling molecule by sphingosine kinases (SKs). The 

brain is the organ that contains the highest concentration of S1P [40]. There are two SK isoform 

discovered so far the SK1 and SK2 and both isoform are present in the brain. Knocking out SK1 

severely affects brain and vascular development [41]. S1P can be degraded irreversibly by the 

S1P lyase enzyme to ethanolamine phosphate and hexadecenal and exit the SL pathway. 

Alternatively, sphingosine can be transported from one compartment to another (recycling 

membranes from lysosome to ER) and be recycled in the ER-Golgi network re-entering into the 

sphingomyelin cycle by being re-acylated by CerSs to ceramide. Hence, CerSs simultaneously 

regulate de novo sphingolipid synthesis and the recycling of sphingosine or sphinganine [42]. 

Furthermore, it is important to note that sphingosine can be formed exclusively from the turnover 

of glycosphingolipids, sphingomyelin or ceramide. In fact, no dihydrosphingosine desaturases, 
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that can create the 4,5-trans double bond on sphinganine substrate, have been found so far. The 

SL pathway is summarized in figure 1. 
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Sphingolipids in neural cell fate, maintenance, and death  

Regulation of sphingolipid metabolism in cell cycle and neural differentiation 

The level and composition of SLs undergo remarkable changes during the life cycle of a cell. With 

every cell division, the area of the plasma membrane and that of intracellular membranes and 

organelles must be doubled within less than one hour. This is mainly achieved by downregulating 

phospholipid turnover and upregulating SL biosynthesis [43]. Therefore, key enzymes in SL 

biosynthesis such as SPT are upregulated prior to mitosis [44, 45]. Accordingly, blocking 

ceramide biosynthesis with the SPT inhibitor myriocin leads to cell cycle arrest at G2/M phase 

[45-47]. In contrast to ceramide reduction, increased ceramide levels at G2/M phase lead to 

hypophosphorylation of retinoblastoma protein and upregulation of cyclin-dependent kinase 

inhibitors such as p21 or p27 and subsequently, cell cycle arrest at G1/S phase [44, 48-50]. 

Hence, upregulation of ceramide biosynthesis prior to M phase needs to be rapidly 

counterbalanced by formation of sphingomyelin or glycosphingolipids throughout G1 phase 

during cell division of neural progenitor cells, or in G0 phase associated with differentiation of 

neural cells [51]. If ceramide stays upregulated at the G1 phase, cells are at risk to undergo 

apoptosis, which is likely to be induced by a dual role of ceramide. Firstly, ceramide-mediated 

activation of protein phosphatase 2a (PP2a) in dephosphorylating retinoblastoma. Secondly, anti-

apoptotic and pro-apoptotic proteins such as B cell lymphoma 2 (Bcl-2) and Bcl-2 associated X 

protein (Bax), respectively [52-57]. In addition to caspase-dependent cell death, excess ceramide 

during cell division can induce cell death by activating p38 mitogen-activated protein kinase (p38 

MAPK) and c-jun N-terminal kinase (JNK). These cell death pathways are often triggered by p75 

neurotrophin receptor (p75NTR) through extrinsic insults (toxins, cytokines, and ischemia) in 

actively dividing cells such as neural progenitor cells and glia during nervous system development 

and inflammatory response in the adult brain [58-62]. Acute elevation of ceramide in dividing cells 

and neurons during early differentiation is induced by p75NTR-mediated activation of SMases, 
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particularly neutral SMase2 (nSMase2) by still unidentified mechanism [60]. On a note, p75NTR-

nSMase2 associated ceramide generation was one of the first observations suggesting that 

ceramide may be detrimental by inducing cell death, but also beneficial by arresting neural 

progenitor cells cycle and promoting neurite outgrowth [58, 63-65]. To date, the paradox of 

ceramide, mediating cell death on the one hand while favoring neuronal maturation on the other 

hand, is explained by several mechanisms involving (partial) conversion of ceramide to other SLs 

such as S1P or glycolipids, compartmentalization of ceramide, distinct effects of different 

ceramide species, and differential expression of proteins interacting with ceramide.  

In differentiated cells, prolonged effects of ceramide elevation in G0, primarily those with long 

chain fatty acids, may induce senescence [66-70]. Risk of senescence is reduced by effective 

autophagy, which is essential for survival of long-lived cells such as neurons [71, 72]. Protective 

autophagy and cell survival are sustained by upregulation of S1P [73-81]. While these enzyme 

activities are intrinsically regulated throughout the cell cycle, extrinsic factors may induce 

activation of SMases generating ceramide that either support differentiation or induce apoptosis. 

During self-renewal and differentiation of neural progenitor cells, upregulation of ceramide serves 

two purposes: induction of apoptosis in excess progeny cells and promoting differentiation and 

process formation in surviving daughter cells [82-90]. The cell fate decision following neural 

progenitor cells division depends on the asymmetric distribution of proteins that either sensitize 

to or protect from ceramide-induced apoptosis such as prostate apoptosis response 4 (PAR-4) in 

the excess daughter cell and Bcl-2 in the differentiating cell, respectively [51, 91]. These data 

show that ceramide and other SLs are differentially regulated throughout the cell cycle and 

embedded into cell fate decisions during stem cell renewal and neural differentiation.  

The classical rheostat of ceramide and S1P and the decision on neural cell fate 

The levels of S1P are regulated by the activity of SKs and S1P lyase [77, 80, 92]. It is known that 

SK protein levels are upregulated in cancer thereby escaping ceramide-induced apoptosis and 

sustaining cell survival [93-96]. Particularly, SK1 levels are increased in p53-deficient tumors 
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because it cannot be degraded by upregulation of caspase 2 in a p53-dependent manner [97]. In 

addition to intrinsically increased protein levels, SKs are post-translationally activated by 

extracellular signal-regulated kinase (ERK)-mediated phosphorylation, which is triggered by 

extrinsic signals such as pro-inflammatory cytokines (e.g., TNFα, IL-1β) and nerve growth factor 

[98-101]. This regulation is consistent with S1P as a pro-inflammatory and survival signal for 

neural cells. Downstream targets of S1P rely on the locations of its generation and distribution. 

Cytosolic SK1 generates S1P that is secreted by mainly two transporters, ABC transporters and 

sphinster 2 [102-105]. Extracellular S1P binds to plasma membrane-resident S1P receptors 

(S1PR1-5), a family of five G-protein coupled receptors that activate Akt-dependent cell survival 

and pro-migratory cell signaling pathways [79, 106-108]. In contrast to SK1, nuclear SK2 

generates S1P that inhibits histone deacetylases 1 and 2. Histone deacetylases 1 and 2 are 

ubiquitous proteins important in epigenetic gene regulation. When these enzymes are inhibited 

by S1P, gene expression of p21 is increased [109]. Hence, the classical model of a rheostat 

consisting of ceramide and S1P switched into a multifaceted interdependence of the two SLs in 

cell fate regulation. This is particularly evident in the nervous system consisting of dividing cells 

(neural progenitor cells and glia) interacting with non-dividing neurons. With respect to cell cycle 

control, both ceramide and S1P increase the level of p21 leading to a synergistic effect on cell 

cycle arrest. Ceramide activates p53, which induces degradation of SK1, thereby antagonizing 

apoptosis. Both ceramide and S1P stimulate autophagy, which protects neurons and regulates 

the inflammatory response in glia. Moreover, we found that ceramide and S1P act synergistically 

on neuronal cell polarity and process formation like cilia [82, 84, 89].  

Lipid rafts and binding to distinct proteins determines the function of sphingolipids 

SLs such as ceramide, sphingomyelin, and glycosphingolipids are often organized in lipid 

microdomains or rafts. In addition, they directly interact with proteins, which led to the idea that 

binding to SLs traps proteins to lipid rafts. We proposed that proteins trapped in the lipid rafts 

induce formation of larger protein complexes termed “sphingolipid-induced protein scaffolds” or 
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SLIPSs that interact with the cytoskeleton [51]. Most recently, we introduced the idea of “lipid 

chaperons”, (sphingo)lipids that bind to proteins in the non-raft areas of cellular membranes and 

“catalyze” their association with lipid rafts and interaction with other raft-associated proteins [110]. 

In neural progenitor cells, ceramide chaperone activity is important for cell polarity formation. 

Atypical protein kinase Cς/λ (aPKC) was one of the first proteins shown to directly interact with 

ceramide [111-117]. Our studies showed that aPKC is a protein chaperoned by ceramide to be 

trapped to ceramide rafts or ceramide-rich platforms that initiate SLIPS critical for neural 

progenitor cells polarity [114, 116, 118]. We also found that ceramide-bound aPKC forms a 

complex with Cdc42, a small Rho-type GTPase that contains a pleckstrin homology domain for 

binding to phosphatidylinositol 4,5 bisphosphate (PI(4,5)P2), a key regulatory lipid for cell polarity 

in neural progenitor cells and neurons [82]. Further, our studies showed that very long chain C24:1 

ceramide stabilizes microtubules in neuronal processes and cilia by inhibiting histone deacetylase 

6, an enzyme that reduces tubulin acetylation [89]. Therefore, the synergistic effect of a polarized 

distribution of ceramide and PI(4,5)P2 in lipid rafts and their interaction with actin and microtubules 

in SLIPs may establish neuronal cell polarity and stabilize neuronal processes. Consistent with 

this hypothesis is the observation that CerS2, the enzyme generating C24:1 ceramide is 

upregulated during differentiation of embryonic stem cells and neural progenitor cells and it is 

critical for brain development and function, as observed in CerS2 knock out mice [119-123]. On 

the other hand, ceramide species such as C18:0 ceramide are associated with the pathological 

function of exosomes in AD as well as induction of neuronal apoptosis [124]. These apparently 

contradictory effects of ceramide, stabilization of neuronal processes and induction of apoptosis 

are likely to rely on compartmentalization of ceramide species and cell type or differentiation 

stage-specific expression of ceramide-interacting proteins that either promote neuronal function 

or apoptosis. For example, C18:0 ceramide was shown to bind to p53 protein (pro-apoptotic), 

PP2a inhibitor protein SET (cell cycle arrest, pro-apoptotic, and other effects), receptor-interacting 

serine/threonine protein kinase (RIPK, pro-necroptotic), and light chain 3B (LC3B, pro-
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autophagic) [125-129]. Additional ceramide binding proteins such as kinase suppressor of Ras 

(KSR, pro-apoptotic) and more recently, lysosomal-associated transmembrane protein 4B 

(LAPTM4B, endosomal ceramide transport, pro-apoptotic) were identified, but their affinity to 

different ceramide species is not clear [130-134]. Our studies showed that in addition to binding 

to aPKC (polarity inducing), C24:1 interacts with and activates GSK3, the precise function of 

which is a matter of our ongoing research [90]. Previously, we found that during asymmetric 

division of neural progenitor cells, PAR-4, an aPKC inhibitor protein sensitizing cells to ceramide-

induced apoptosis, is distributed to one daughter cell, while the other daughter cell is protected 

from apoptosis and continues to divide and differentiate [51, 83, 91, 135]. A similar cell-type 

specific effect was described for S1P that either induces or disrupts neuronal and glial process 

formation, probably due to binding to differentially expressed S1P receptors [136-138]. In glia, 

S1P may promote survival and differentiation or trigger activation and adoption of a pro-

inflammatory phenotype [78, 108, 139-148]. These few examples clearly demonstrate that the 

simplified view on the rheostat of ceramide and S1P as pro- and anti-apoptotic balance will need 

to be replaced by a more mechanistically refined model invoking specific interaction with rafts and 

proteins regulating cell signaling pathways in neural development and disease. 
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Extracellular trafficking of sphingolipids and effect on blood brain barrier 

Introduction of lipoproteins 

SL trafficking in the peripheral circulation mainly occurs via lipoproteins or bound to albumin. A 

small percentage of SLs may be contained by circulating extracellular vesicles. Lipoproteins can 

be classified according to their size and density into four main groups: high-density lipoproteins 

(HDL), low-density lipoproteins (LDL), very low-density lipoproteins (VLDL), and chylomicrons. 

Lipoproteins all carry specific apolipoproteins (apo) that can have structural, enzymatic, and 

receptor-binding functions [149]. The carrier apolipoprotein (Apo) of liver-derived lipoproteins, 

VLDL and LDL, is apoB100, while that of the lipoproteins of the intestine, chylomicrons, is apoB48. 

HDL, which is predominantly produced in the liver and intestine, lacks ApoB and is instead mainly 

accompanied by ApoA-I [150].  ApoE4, one of the 3 common isoforms of ApoE (E2, E3, and E4), 

is linked with a strongly increased risk of developing AD [151]. ApoE is carried by chylomicrons, 

VLDL, and a subclass of HDL. HDL containing ApoE is formed when triglyceride-rich lipoproteins, 

such as VLDL and chylomicrons release fatty acids upon lipolysis [150]. Circulating ApoE4 prefers 

association with VLDL and chylomicrons, while ApoE3 prefers HDL [152]. Besides its presence 

on lipoproteins, ApoE has been detected on extracellular vesicles [153].  

Trafficking of sphingolipids by lipoproteins 

Sphingomyelin is the most abundant SL species in plasma, followed by ceramides and sphingoid 

bases [154]. Sphingomyelins are mainly present in LDL and to a smaller extent in VLDL and HDL 

[155]. Ceramides, hexosylceramides, and lactosylceramides are primarily carried by LDL [156] 

but are also present in other lipoprotein subclasses including HDL, depending on their origin [154]. 

Endogenously synthesized ceramides originating from the liver are incorporated predominantly in 

hepatocyte secreted VLDL and possibly LDL and ceramides originating from the intestine 

secreted by enterocytes are incorporated in chylomicrons and HDL [157-159]. Circulating S1P is 

predominantly carried by HDL (~60%), where it is bound to ApoM. About 10% of S1P is present 
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in LDL, a small amount can be present in VLDL, and the remainder is bound to albumin (~30%) 

[160, 161]. S1P is predominantly contained by the smaller, denser HDL subclass (HDL3), and not 

by the larger ApoE-containing HDL subclasses [162, 163].  

Origin of circulating sphingolipids 

Plasma S1P, derived from (exogenous) sphingosine via SK1 and SK2, is produced by various 

cell types, including erythrocytes (~90%), platelets, endothelial cells, and hepatocytes [164, 165]. 

Since erythrocytes and platelets lack the S1P degrading enzyme, S1P tends to accumulate in 

these cells, leading to a high secretion towards plasma [166-168]. Even though platelets contain 

large amounts of S1P, they do not seem to determine circulating S1P levels [169], except after 

platelet activation by thrombin or Calcium [168, 170]. Other peripheral blood cells such as 

mononuclear cells, neutrophils, and endothelial cells also expressing SKs may contribute to 

circulating S1P levels [165]. Additionally, endothelial cells and monocytic cells release SK1 into 

plasma, where it could convert sphingosine to S1P extracellularly [171, 172]. The release of SKs 

from monocytic cells can be induced by oxidized-LDL [173].  

Plasma S1P can be released from the before-mentioned cells in a myriad of ways after which it 

can be transferred to albumin, and possibly to HDL. Next to the release of S1P, its cellular uptake 

is mediated by ABCC7, thereby reducing its bioavailability. In addition, ApoM was found to be 

involved in S1P secretion towards lipoproteins and to be the rate limiting step in S1P secretion 

from hepatocytes towards HDL [164]. ApoM can also mediate the efflux of S1P from erythrocytes 

[174]. Spinster 2 is a transporter mediating the efflux of S1P from vascular endothelial cells, but 

not from erythrocytes and platelets [175]. Endothelial S1P can also be released, in a positive 

feedback manner, through ABCA1 and SR-BI induced by ApoA-I [176]. Phospholipid transfer 

protein (PLTP) is thought to mediate the transfer of S1P to HDL, because PLTP-deficiency results 

in a dramatic increase in S1P content in plasma and in HDL [177, 178] and interestingly also in 

an impaired blood-brain barrier integrity in line with a key role for HDL-S1P in the maintenance of 

barrier function [179-181]. 
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Relatively little is known about the origin of SLs other than S1P in lipoproteins. Ceramides and 

sphingomyelins can be transferred from the liver and intestine towards VLDL and chylomicrons 

by microsomal triglyceride transfer proteins [182]. Ceramides present in HDL may be incorporated 

upon HDL formation and secretion, they may be transferred from lipoproteins such as VLDL and 

chylomicrons by PLTP and cholesteryl transfer protein, or produced by SMases, either in tissues 

or by circulating SMases [157]. Ceramides from plasma membranes may also efflux to HDL (for 

review see [183]). In addition to SKs, enzymes producing sphingosine, SMases and ceramidase 

are secreted from cells into plasma and could locally produce sphingomyelin and ceramide [173, 

174, 184, 185].  

Effects of SLs on vascular function 

Many of the beneficial functions of HDL on vascular barrier function have been ascribed to its 

S1P content [186-188]. HDL bound S1P as well as albumin-bound S1P were found to affect 

vascular tone. HDL was found to induce vasodilation and reduce arterial blood pressure; effects 

that are potentially mediated by S1P. On the other hand, S1P associated with albumin can 

promote vasoconstriction in rat cerebral arteries [189-191], but not in peripheral arteries. 

Differences in S1P effects on vascular tone might be related to differential expression of S1P 

receptors in vascular walls, such as the relatively higher expression of S1PR2 and S1PR3 in 

cerebral arteries. A vasoprotective function attributed to S1P, is the maintenance of the vascular 

barrier. S1P either contained by HDL or albumin increased endothelial barrier activity and 

decreased vascular permeability, via suppression of TNFα-induced VCAM-1 and ICAM-1 

expression by endothelial cells, thereby likely reducing the transmigration of monocytes and 

lymphocytes [192]. The most potent protective effects against oxidative stress-associated 

endothelium dysfunction, were induced by small dense HDL3 particles with a high S1P content 

[193].  
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 Introduction of the BBB/neurovascular unit  

The blood-brain barrier (BBB) is a dynamic structure where cellular communication is essential 

for its functioning. The physical barrier is formed by specialized endothelial cells which are sealed 

together via the expression of tight junctions [194]. In addition, the endothelial cells express 

several transporters that exclude unwanted/toxic molecules from the brain and actively regulate 

the entry of nutrients from plasma. Proper functioning of the brain endothelial cells is necessary 

to maintain BBB integrity. However, further support by pericytes and the end-feet of astrocytes is 

needed to ensure BBB function. The interaction of pericytes and astrocytic end-feet with the brain 

endothelial cells is termed the neurovascular unit. The pericytes are embedded in the basement 

membrane surrounding the endothelial cells and encircled by the basal lamina, which is 

contiguous with the plasma membranes of astrocyte end-feet and endothelial cells. Both cell types 

play a key role in maintaining BBB function by inducing tight junction protein expression and the 

polarization of transporters [195]. For instance, loss of pericyte coverage or ablation of astrocyte-

secreted laminin leads to down-regulation of junctional proteins and a leaky BBB, underscoring 

their importance [196]. 

BBB dysfunction in AD/neuro-inflammation 

In AD, the different components of the neurovascular unit are affected by disease pathology, 

resulting in a compromised barrier function. Human post-mortem studies showed a reduced 

expression of tight junctions accompanied by increased fibrinogen leakage into the brain [197, 

198]. In addition, the observed loss of pericyte coverage and swelling of astrocytic end-feet in AD 

also contributes to a decreased barrier function [199-201]. These cellular alterations in AD may 

further exacerbate parenchymal and vascular amyoid-β (Aβ) accumulation. In addition, AD is 

characterized by chronic neuroinflammation. Aβ deposition in the vasculature leads to pro-

inflammatory and cytotoxic events that contribute to a greater BBB permeability. Brain endothelial 

cells loosen their tight junctions in response to inflammatory stimuli resulting in transmigration of 
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leukocytes across the BBB [202]. Once infiltrated in the CNS, leukocytes contribute to tissue 

damage by releasing pro-inflammatory cytokines and other cytotoxic products [203]. Moreover, 

Aβ enhances the activation of glia cells, which further induces secretion of proinflammatory 

cytokines and chemokines. Therefore, the BBB is affected in multiple ways in AD.  

The effect of SLs on BBB function during AD 

SLs are implicated as important players in the pathophysiology of a variety of neuro-inflammatory 

diseases, but also in AD. Knowledge on the effects of SLs on the BBB is limited. A-SMase and 

ceramide have been studied in relation to BBB function. Brain endothelial cells stimulated with an 

inflammatory stimulus showed increased A-SMase activity and concomitant ceramide production, 

which resulted in the disruption of tight junction proteins [204]. Exposure of brain endothelial cells 

to C2:0 ceramide induced a decrease in barrier resistance, which is indicative for barrier integrity. 

The loss of barrier integrity was accompanied by an increase in monocyte migration across the 

endothelial cells after exposure to ceramide [143]. Interestingly, the inhibition of A-SMase activity 

prevented the degradation of zonula occludens 1 and 2, and occludin, proteins important for in 

tight junctions, indicating an important role for A-SMase/ceramide in tight junction regulation [204]. 

In addition, the downregulation of A-SMase in brain endothelial cells in another study resulted in 

a reduction of trans-endothelial migration of T cells, possibly via affecting intercellular adhesion 

molecule 1 which is necessary for the adhesion of T cells to the endothelium [205]. Not only the 

increase of ceramide in endothelial cells but also in astrocytes is able to decrease barrier integrity. 

Astrocytes show a similar response as endothelial cells when stimulated with pro-inflammatory 

mediators and increase their A-SMase mRNA which results in an increase in ceramide production 

[143]. Ceramide can be released from cells and possibly affect neighboring cells. Indeed, when 

endothelial cells were exposed to astrocyte-conditioned medium, the migration of monocytes 

across the BBB increased, further confirming the negative effect of ceramide on the BBB. 
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Alteration of sphingolipid metabolism in Alzheimer’s disease 

AD is a multifactorial neurodegenerative disease characterized by extracellular accumulation of 

aggregated Aβ peptides, intra-neuronal aggregates of hyper-phosphorylated tau protein, BBB 

damage, neuro-inflammation and lipid disbalance [206-209]. However, the contribution of these 

factors to cognitive decline, memory loss and comorbidities, such as depression, is still elusive. 

Nevertheless, both preclinical and clinical studies suggest that a multifactorial process ultimately 

results in synaptic and neuronal loss which ultimately leads to compromised brain function.  

Increasing evidence demonstrates that alterations in sphingolipid metabolism play a key role in 

the pathogenesis of AD [210, 211]. Firstly, it was reported that ceramide levels are elevated in 

brain tissue of AD patients compared to controls while sphingomyelin and S1P are decreased 

[212-216]. Secondly, the enzymes that control ceramide formation in the sphingolipid pathway 

were abnormally expressed (Table 1) [214, 217]. Alterations in the sphingolipid metabolism were 

also observed in plasma, where shotgun lipidomics revealed decreased sphingomyelin and 

increased ceramide levels in AD patients as compared to controls [218]. This was further 

supported by targeted sphingolipidomics studies that identified similar sphingolipid changes in 

plasma of MCI [219, 220] and AD patients [221, 222] and in longitudinal studies that monitored 

the progression of cognitive decline in AD patients [223, 224] (reviewed by Mielke and Haughey, 

2012 [225]). 

There are at least three different pathophysiological mechanisms underlying the effect of 

dysregulated ceramide in neurotoxicity 1) ceramide reach platforms-associated receptor 

activation, 2) mitochondrial dysfunction, and 3) exosome-mediated amyloid and tau propagation 

and aggregation. Ceramide contribution to neurotoxicity in AD is illustrated in Figure 2.  

Sphingolipid pathophysiology in the nervous system 

It is thought that spatially extended ceramide membrane domains activate extrinsic cell death 

pathways in neurons and glia, which is likely to contribute to neural cell death after injury. 
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Receptors activated by extracellular factors such as nerve growth factor (p75NTR), TNF-α, IL-1β, 

IL-6, IFN-γ, and Fas ligand [60, 226-229]. Increase of ceramide concentration in the plasma 

membrane is induced by receptor-mediated activation of A- and N-SMases. Lee et al. have shown 

that in cultured oligodendrocytes, Aβ25-35 activates, SMases that promotes the conversion of 

sphingomyelin into ceramide, which may lead to apoptosis [230]. In the same way, oligomeric 

Aβ1-40 and Aβ1-42 enhance the activity of SMase, which subsequently increases the levels of 

ceramide resulting in cell death [231]. Furthermore, it has been proposed that ceramide can 

contribute to Aβ formation by affecting the cleavage of the transmembrane protein amyloid 

precursor protein (APP) [232, 233]. However, neuronal damage observed in neurodegeneration 

is rather subtle at first and begins with axonal degeneration, while cells are still alive and at least 

in part functional. Therefore, it is likely that the initial damage caused by dysregulated ceramide 

affects the cytoskeleton or organelles critical for cytoskeletal integrity.  

Currently, mitochondria are the focus of intense research on dysregulated ceramide biology. 

Increase of ceramide concentration in the inner and outer mitochondrial membranes impairs 

oxidative phosphorylation, breaks down the membrane potential, and creates pores that allow 

release of pro-apoptotic proteins to the cytosol [234-239]. Kong and Zhu et al., discovered 

ceramide-enriched mitochondria-associated membranes that interact with tubulin and voltage 

dependent anion channel 1 to block ATP release required for mitochondrial motility, a reaction 

enhanced by Aβ [240].  

In addition to mitochondria, compartments with ceramide-enriched membranes such as the ER 

and endosomes may contribute to neuronal and glial damage due to oxidative stress and impaired 

protein homeostasis, which leads to aggregation of neurotoxic peptides (e.g., Aβ) or proteins (e.g., 

tau, synuclein, huntingtin). Impaired protein homeostasis by dysregulated ceramide probably 

contributes to a variety of neurodegenerative disease involving intracellular and extracellular 

protein aggregation, including AD, PD, and Huntington’s disease. Dinkins et al., showed that in 

AD, extracellular aggregation of Aβ into amyloid plaques is nucleated by ceramide-enriched 
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exosomes secreted by astrocytes [124, 241, 242]. These “astrosomes” can also induce apoptosis 

in recipient cells, which is mediated by transfer of ceramide and the ceramide-sensitizer protein 

PAR-4. It has been shown that astrosome-induced plaque formation and neuronal cell death is 

prevented by inhibition or deficiency of nSMase2 [241, 242]. Furthermore, exosomes can mediate 

propagation of tau or prion protein. In contrast to these observations, others have shown that 

exosomes may also help Aβ uptake and clearance [243-247].  

It is still uncertain if ceramide disbalance is a consequence of Aβ accumulation or one of the 

initiating factors of AD pathophysiology. However, it is becoming clear that there is a link between 

Aβ formation, neuronal death, and SLs. 

Sphingolipids and their relation to APP and the amyloid β-peptide  

Aβ-peptides derive from sequential cleavage of the APP during its transport through the secretory 

pathway, at the cell surface and within endocytic compartments [248-251]. Aβ generation is 

initiated by cleavage of APP by the β-site APP cleavage enzyme 1 (BACE1) leading to the 

secretion of soluble APP (sAPPβ). The resultant membrane-bound c-terminal fragment (CTFβ) 

represents a substrate for transmembrane proteolysis by γ-secretase that liberates Aβ from 

cellular membranes. In an alternative pathway, APP can be cleaved initially by α-secretases (e.g. 

ADAM10, ADAM17) within the Aβ-sequence resulting in secretion of a slightly longer soluble APP 

ectodomain (sAPPα) and shorter membrane-bound CTF (CTFα) [252-254]. Since the cleavage 

of APP by α-secretases occurs almost in the middle of the Aβ domain, this pathway prevents the 

production of Aβ peptides. The subsequent cleavage of the CTFα by γ-secretase leads then to 

the generation of the smaller not toxic peptide called p3.   

Alterations in membrane lipid composition could affect the subcellular transport of these proteins 

and modulate the generation of Aβ. Certain lysosomal lipid storage disorders are associated with 

alterations in APP and tau metabolism, and they are also observed in AD [255]. Impaired 

cholesterol metabolism in lysosomes due to defective cholesterol transport proteins NPC1 or 

NPC2 is associated with alterations in the endo-lysosomal system, accumulation of intracellular 



41 
 

Aβ and APP CTFs, and formation of tau aggregates in the brain of Niemann Pick Disease type C 

patients [256, 257]. Accumulation of APP CTFs within lysosomal compartments has also been 

observed with cellular models of lysosomal sphingolipid storage diseases [255]. These effects 

could be attributed in part to impairment of lysosomal activity or altered trafficking and fusion of 

endo-lysosomal vesicles [258-260]. It has been shown that cellular ageing or chronic oxidative 

stress alters membrane lipid metabolism and APP processing [261, 262]. An important role of 

lysosomal sphingolipid metabolism in the processing of APP is further supported by the 

observation that genetic deletion of the S1P-lyase results in the accumulation of APP CTFs and 

higher secretion of Aβ [263]. It has also been reported that S1P could promote Aβ generation by 

direct interaction with and stimulation of BACE1 [264].  

In addition, ceramide and ceramide analogs could increase the generation of Aβ by stabilization 

of BACE1 [264-266]. In line with a role of SLs in APP processing, pharmacologic inhibition or 

genetic deletion of SL biosynthetic enzymes decreased the generation of Aβ by lowering forward 

transport of APP in the secretory pathway and stimulation of PKC-dependent stimulation of α-

secretory processing [267, 268].  

Several studies indicate that Aβ peptides might impact cellular lipid metabolism by promoting the 

enzymatic activity of A-SMase [231], and by inhibition of the ganglioside synthase GD3 [269-271]. 

In turn, gangliosides, in particular GM1 could promote the aggregation of Aβ (for detailed review: 

Matsuzaki et al. 2018) [272].  

The APP intracellular domain resulting from γ-secretase mediated intramembranous processing 

of APP CTFs has been shown to transcriptionally down-regulate the expression of GD3S [271]. 

Accordingly, the genetic inhibition of γ-secretase led to increased level of GD3. Inhibition of γ-

secretase also led to impairment of cellular lipid homeostasis by altering the uptake of lipoprotein 

particles [273, 274]. Together, these results indicate a close relation of lipid metabolism and the 

pathogenesis of AD.  
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AD models with sphingolipid alterations 

In recent literature, dysregulation of SL and ganglioside homeostasis has been reported in AD 

animal models. However, not all animal models showed the same alterations, and some findings 

seem to be contradictive (Table 2). Kaya et al., used APP mice to evaluate SL homeostasis in AD 

mice. This model exhibits severe Aβ deposition at early onset, making it a valuable model to 

analyze the molecular mechanisms in AD pathology. The study shows significant localization of 

gangliosides and ceramide species to Aβ plaques, with local reduction of sulfatides [275]. Barrier 

et al., analyzed and compared brain gangliosides of different transgenic AD mouse models with 

age-matched wild type mice, and found an increase in GM2 and GM3 expression in the cortex of 

all mice expressing APP [276]. Loss of complex “a” gangliosides was found in APP/PS1 models, 

loss of complex “b” gangliosides was found in APP and APP/PS1 mice. Another study showed 

gender-dependent accumulation of ceramides in the cortex of APP/PS1 mice [277]. Ceramides 

accumulated in APP/PS1 mice, but not in PS1 mice. In addition, all other major SLs did not change 

in comparison with wild-type mice. An interesting finding was that female mice displayed a 

significant increase in 2-hydroxy fatty acid ceramides, whereas male mice showed an elevation 

of non-hydroxy fatty acid ceramides. Barrier et al., had unexpected findings, using two mouse 

models; APP and APP/PS1, they analyzed ceramide and related SL levels, and found that there 

were no ceramide deposits in any of the AD models. They hypothesized that these findings were 

due to the fact that there was neither neuronal loss nor toxic Aβ species accumulation in APP 

mice. In another study, a mixed population of APP, PS1 and APP/PS1mice were used. In all 

animal models, significant changes were found in the lipid profiles of the prefrontal cortex and 

hippocampus [278] in the AD animals. Of these regions, the prefrontal cortex was most affected 

in terms of lipid alterations, containing decreased levels of lysophosphatidylcholine and 

phosphatidylethanolamine and increased levels of ceramide and diacylglycerol. There were also 

many alterations in individual lipid species, most severe in the APP/PS1 mice. Apparently, the 

changes in ceramide happen already during embryogenesis since elevation of long-chain 
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ceramide was detected in new born mice carrying human mutated PS1. This elevation of 

ceramide was accompanied by elevation of CerS2 and 4 expression [59].   

Caughlin et al, 2018 used wild-type rats and APP Fischer rats to quantify changes in membrane-

lipids (gangliosides) [279]. They found that APP rats had a decreased level of complex 

gangliosides, and an increased level of simple gangliosides compared to the wild-type rats. Also, 

there was an age-dependent decrease of GD1 and a clear increase of GM3 levels.  
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Potential targets and modulators of the sphingolipid pathway 

SL bioactivity in the brain provides an appealing framework for comprehending AD pathology and 

for developing new intervention strategies. However, since the study of SL bioactivity is relatively 

young, very little is known about the therapeutic effect that the modulation of SL metabolism may 

have in AD. Here we discuss approaches to target the SL pathway, one with the aim to decrease 

ceramide content via the blockage of de novo synthesis or via the inhibition of sphingomyelinase, 

the other to increase S1P signaling. As aforementioned, the elevated ceramide levels in the brain 

are thought to contribute to the apoptotic signaling and favor Aβ formation while low S1P levels 

eventually result in a reduction of neuroprotective signals.  

Hereafter, we will review a group of pharmacological agents known to inhibit the de novo SL 

synthesis and consequently reduce ceramide formation. From the first building block serine and 

palmytoyl-CoA to the ceramide product, there are five enzymes that could be targeted: SPT, 3-

keto-dihydrosphingosine reductase, CerSs, dihydroceramide desaturase and CERT. Also, the 

sphingomyelin and glycosphingolipid synthesis will be briefly tackled, for its therapeutic potential. 

Next, we will review inhibitors of the sphingomyelin hydrolysis cycle. SMases are a family of 

phosphodiesterases, which preferentially hydrolyse SM, producing phosphorylcholine and the 

bioactive sphingolipid ceramide. Of the five-known isoform, here, we will discuss the N-SMase2 

and the A-SMase. Since sphingomyelin is the quickest source of ceramide by blocking 

sphingomyelin hydrolysis the ceramide content is expected to efficiently decrease. Lastly, we will 

argue on the use of S1P analogs that are known to modulate S1P receptors. In this case the S1P 

analogs are expected to increase the protective signaling, stimulate cell growth (neurogenesis), 

reducing BBB permeability to monocytes and attenuating activation of glia cells, by mimicking 

S1P bioactivity. Compounds and their targets are listed in table 3 and represented on a cell 

scheme in figure 3. 
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Inhibitors of the de novo synthesis  

The inhibitors of the de novo synthesis are a class of heterogeneous compounds that have been 

mainly used in cell-based assays and rarely or never in vivo, due to their potential liver and kidney 

toxic effect that could lead to severe side effects [280, 281]. The most known compounds in this 

class are myriocin and D/L-cycloserine, fumonisins and N-(3-hydroxy-1-hydroxymethyl-3-

phenylpropyl) dodecanamide (HPA-12).  

Myriocin is a potent antibiotic derived from fungi which is used in the treatment of opportunistic 

infection. Interestingly, the compound shows also immunosuppressant activity [282, 283]. 

Myriocin, D- and L-cylcloserine are essentially very potent inhibitors of SPT [284, 285]. Katsel et 

al., reported that SPT genes are upregulated in mild to severe stages of dementia even though 

the upregulation was not dependent on neurofibrillary tangles progression and ageing [217]. The 

inhibition of SPT was shown to be effective in preventing a harmful accumulation of SL 

intermediates like ceramide [281, 286, 287]. L-cycloserine administered on alternate days for 2 

months exclusively reduced brain cerebroside levels and improved cognition in rodents [288]. 

Interestingly, AD patients have shown significant cognitive improvement with short term treatment 

of D-cycloserine in a double-blinded controlled clinical trial [289]. 

Fumonisins are a family of molecules that have a similar structure to sphinganine with potent anti-

fungi properties. It is thought that fumonisins occupy the pocket of sphinganine or sphingosine in 

CerS and thereby inhibit ceramide synthesis [290]. CerS 1, 2 and 6 are upregulated in AD brains 

[217]. However, Couttas et al., found that CerS 2 was less active in specific brain regions of AD 

severely affected by amyloid and tau pathology. Furthermore, CerS 6 KO mice, even though they 

did not show significant changes in brain ceramide composition, did show behavioral deficits 

[291]. Hence, it is unclear if the inhibition of CerS would treat AD condition without compromising 

overall brain function.  

HPA-12 is an inhibitor of CERT, a protein essential for the formation of more complex SLs such 

as sphingomyelin [292, 293]. HPA-12 can displace ceramide from the CERT’s START domain 



46 
 

pocket preventing ceramide transfer to the Golgi [294]. In vitro experiments have shown that 

administration of HPA-12 to cells in culture reduce the synthesis of sphingomyelin [292]. However, 

it is unclear if this results in an accumulation of ceramide as well or if the ceramide excess is 

diverted to the alternative pathway to form glucosylceramides. In contrast to SPT and CerSs, the 

CERTs expression is probably downregulated in AD. Matarin et al., discovered that CERT mRNA 

expression levels are decreased in a genome-wide gene-expression analysis on transgenic mice 

during development of amyloid pathology [295]. This suggests that rather than a reduction of 

CERT activity an increase would be desirable. Besides being a ceramide transporter CERT has 

also extracellular functions [296]. Specific forms of CERT can be excreted and take part in 

stabilizing the basal membrane [297]. Interestingly, it was reported that CERT colocalizes with 

plaques deposits in the AD brain. Mencarelli et al., found that CERT could bind to serum amyloid 

P component and that this complex was localized close to plaques [298]. To date, the significance 

of these observations is still unclear. Later, CERT proteins were identified to bind C1q and activate 

the complement via the classical pathway. The complement activation mediated by CERT was 

comparable to that of the immunoglobulin [299]. However, the formation of the membrane attack 

complex, end product of the complement classical pathway, did not seem to be the function 

initiated by CERT complement activation. These observations suggest that CERT could play 

multiple roles in AD pathology. 

Other potential targets of the de novo synthesis are the enzymes that generate sphingomyelin 

and glycosphingolipids. Tamboli et al., demonstrated that the pharmacological inhibition of the 

glucosylceramide synthase (GSC) attenuated maturation and cell surface transport of APP. This 

effect was reversed by addition of exogenous brain gangliosides to cultured cells [267]. Others 

found that in human AD brains as well as AD transgenic mice models GSC is elevated, suggesting 

that GSC could be an attractive target [300]. 

Inhibition of SMS1 through silencing siRNA reduced Aβ formation by promoting BACE1 

degradation [301]. Mei-Hong et al; reported that SMS1 inhibition with D609 relocated BACE1 to 
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the lysosome and relative levels of the enzyme were found decreased compared to control cells. 

This study suggest ceramide and sphingomyelin may have distinct functions in regulation of 

BACE1 stability through different molecular mechanisms.  

Direct and functional inhibitors of sphingomyelinase  

The regulation of sphingomyelin levels can have a profound effect on physiological properties of 

the membrane, but also on cellular signaling [229, 302]. TNF-α, Fas ligand, or oxidative stress 

are known to be triggers for the activation of the enzymatic activity of SMases [303, 304]. One of 

the most used direct N-SMase inhibitor is GW4869 [305, 306]. GW4869 is a non-competitive 

inhibitor of N-SMase that protected cells from apoptosis mediated by ceramide accumulation. 

More recently, it has been shown that N-SMase is crucial for exosome secretion and that GW4869 

could interfere with this process. Dinkins et al., observed that intraperitoneal administration of 

GW4869 in a transgenic mice model of AD resulted in fewer exosomes-containing ceramide and 

in a 40% decrease in plaque load [124, 307]. In the same work, authors reported that conditionally 

knocking out N-SMases in the brain improved memory in AD mice. 

Classic tricyclic dibenzoazepines (TCA) like imipramine or desipramine and selective serotonin 

reuptake inhibitors (SSRIs) have been used for years for the treatment of major depression and 

other mental disorders [308-310].  Interestingly, classic TCA’s and SSRIs are thought to affect 

the sphingolipid metabolism by inhibiting the activity of A-SMase [311, 312]. The proposed 

mechanism is that these compounds interfere with the binding of A-SMase to the lipid bilayer and 

thereby displacing the enzyme from its membrane‐bound substrate [313]. This causes the 

lysosomal enzyme to be degraded at a faster rate [314]. For this peculiar mechanism, these 

pharmacological agents have been defined as functional SMase inhibitors (FIASM) [310]. TCA 

but especially SSRIs have been used in the treatment of the depression symptoms in AD [315]. 

Depression is one of the common comorbidities of AD that appears during the progression of the 

disease [316]. Treatment of AD with venlafaxine and desipramine has been successful not only 

in controlling depression symptoms but also in preventing the cognitive decline [317]. Moreover, 
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TCA or SSRIs given to AD animal models help coping with depression as well as cognitive 

symptoms [318-320]. This beneficial effect is thought to derive from TCA and SSRIs potentiation 

of the serotonin and norepinephrine system which is impaired in AD [321]. Surprisingly, it has 

never been explored if some of these beneficial effects of TCA and SSRIs derive from their FIASM 

activity, which could potentially restore the sphingolipid rheostat. Nevertheless, there are 

inconsistencies. In fact, the long-term effect of escitalopram, an SSRI, administration showed to 

be inefficient in controlling plaques disease and even is contraindicated [322].  

S1P analogs and ceramidase/ceramide kinase stimulators 

Fingolimod or FTY720 is a sphingosine analog with a potent immunosuppressive activity [323]. 

Since 2010 it is used in the clinic for the treatment of multiple sclerosis but due to its peculiar 

modes of action could be repurposed for new therapeutic applications in other neurodegenerative 

diseases. To exert its immunosuppressive activity the drug requires to be phosphorylated in vivo 

by SKs to form the active moiety [324]. Phosphorylated Fingolimod binds to S1P receptors 

causing internalization and degradation of the receptor which leads primarily to lymphopenia in 

vivo [324]. Interestingly, new pharmacological actions have been discovered for Fingolimod. 

Firstly, it was reported that Fingolimod functionally inhibits A-SMase following the same 

mechanisms as FIASM drugs [325]. Secondly, it was found that Fingolimod in human pulmonary 

artery endothelial cells can inhibit CerSs decreasing dihydroceramide, ceramide, sphingosine, 

and S1P but increasing levels of dihydrosphingosine and dihydrosphingosine 1-phosphate [326]. 

Hence, Fingolimod mimics S1P biological activity and at the same time can reduce ceramide 

levels by FIASM and CerS inhibition. However, the multitarget effect has not been investigated 

yet in vivo by lipidomic analysis. 

In vitro and in vivo data suggest that FTY720 is a modulator of Aβ production independently from 

the S1P receptors activity. Cell based assays demonstrated that Fingolimod reduced γ-secretase-

mediated cleavage of APP thus attenuating Aβ release in the medium [327]. However, these 

findings were not replicated in vivo [327]. Intraperitoneal injection of Fingolimod for 6 days 
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protected from Aβ-induced memory impairments and neural damage [328]. In alignment with this, 

Fukumoto et al., found that oral administration of Fingolimod ameliorated memory impairment in 

the object recognition and associative learning task in mice injected with amyloid. This effect was 

associated with restoration of normal BDNF expression levels in the cerebral cortices and 

hippocampus, suggesting that neuroprotection was mediated by up-regulation of neuronal BDNF 

levels [329]. However, beneficial effects of Fingolimod are abrogated by simultaneous 

administration of S1P receptor 1 specific blockers or SK inhibitors [330]. Indeed, administration 

of SEW2871, a S1P receptor 1 selective agonist, ameliorated memory impairment and neuronal 

loss in an AD rat model [331]. In 5xFAD mice at 3 months of age, Fingolimod decreased plaque 

density as well as soluble plus insoluble Aβ measured by enzyme linked immunoassay. 

Furthermore, FTY720 decreased GFAP staining and the number of activated microglia [332]. 

Van Doorn et al. showed the ability of Fingolimod to counteract ceramide-induced endothelial 

barrier alterations [143]. The beneficial effects of S1P and/or Fingolimod on brain endothelial cells 

might be mediated via S1P receptor 5 which, upon stimulation, reduces the expression of 

adhesion molecules on brain endothelial cells and prevents the migration of monocytes to the 

brain parenchyma [143]. The role of S1P on astrocytes was also investigated. Interestingly, 

several studies showed that astrocytes increase the expression of S1P receptor 3 when activated 

by S1P, which, together with S1P receptor 5 on brain endothelial cells, could be an attractive 

target for treatment of AD [143, 333, 334].  

Moreover, the stimulation of specific kinase to increase S1P or ceramide-1-phosphate production 

may also favor neuroprotective signals. Tada et al., discovered that Chinese hamster ovary cells 

incubated with the compound Vanadate increased ceramide breakdown by ceramidase activity 

and ceramide phosphorylation by ceramide kinase [335]. 
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Conclusion and future perspective 

During the last years, aberrant SL metabolism in AD is increasingly recognized. Since the study 

of SL bioactivity is relatively young, very little is known about the therapeutic effect of modulating 

the sphingolipid metabolism on specific organ function and eventually in AD. For instance, in AD 

the effects of SLs are not as clearly defined as in basal functions such as cell cycle control and 

neural differentiation. In AD excessive ceramide contributes to the pathology while and S1P it is 

protective to neurons. At the same time, ceramide is important in neuronal maturation while S1P 

agonistic activation of astrocytes and microglia contributes to AD pathology. Nevertheless, the 

evidence that manipulation of the SL metabolism can be a valid therapeutic approach in AD is 

increasing. The use of S1P analogs (like FTY720) or the N-SMase inhibitors (like GW4869) are 

two approaches that have shown to be effective in rescuing memory impairment, neuro-

inflammation and Aβ pathology in AD models. Furthermore, there are many compounds that could 

be employed with similar pharmacological action which are used in the clinic or are in advance 

phases of clinical trials for other indications than AD. This could certainly benefit the repurposing 

of these drugs for AD, and eventually promote the development of new ones. 

 



51 
 

Figures and tables 
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Figure 1. Sphingolipid metabolism.  

Ceramide can be produced by two main pathways. 1) The anabolic pathway named de novo pathway which starts in the endoplasmic reticulum 

compartment and ends in the Golgi with the synthesis of complex sphingolipids. 2) The catabolic pathway named the salvage pathway in which 

complex sphingolipids like sphingomyelin, ganglioside, globosides, cerebrosides and sulfatides are broken down to form ceramides in different 

compartments like late endosomes and lysosome or plasma membrane compartments. Ceramide can be further catabolized to form sphingosine 

which can be recycled back to form ceramides or exit the pathway by being hydrolyzed to ethanolphosphate and hexadenal.   

 



53 
 

 

Figure 2. APP processing and ceramide interference.  

The amyloid precursor protein (APP) processing unfolds in specific membrane microdomains 

known as lipid rafts. If the lipid rafts are enriched with ceramide, the activity of the β-secretase 

and γ-secretase, the two proteolytic enzymes responsible of amyloid-β (Aβ) biogenesis, are 

potentiated favoring the amyloid-genic pathway. 
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Figure 3. Potential targets and modulators of the sphingolipid pathway.   

Ceramide formation can be inhibited by blocking the enzymes of the de novo synthesis. 

Alternatively, ceramide levels can be reduced by inhibiting the enzyme responsible for the 

breakdown of the complex sphingolipid to form ceramides. Lastly, potentiating the 

neuroprotective effect of S1P signaling by S1P analogs that interact with S1P receptors is 

another possible approach. (SPT = serine palmytoil trnasferase; CerSs = ceramide synthases; 

CERTs = ceramide transporter proteins; SMS2 = sphingomyelin synthase 1; GCS = 

glucoceramide synthase; Cdase = ceramidase; A-SMase = acid sphingomyelinase; S1PRs = 

S1P receptors; N-SMase2 = neutral sphingomyelinase 2). 
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Proteins Regulation (↑↓) / Enzyme activity (+/-) Reference 

Serine palmitoyl transferase  ↑ [217] 

Ceramide synthases (1,2 and 6) ↑ [217] 

Sphingomyelinases ↑/+ [214] 

Glucosyl ceramidase ↑/+ [300] 

Sphingolipid species in the brain Levels (↑↓)  

Ceramides  ↑ [212, 213, 336] 

S1P ↓  [216] 

Sphingomyelins  ↓  [214] 

Table 1. Regulation of gene expression, enzymes activity and SLs species in Alzheimer’s disease  
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Sphingolipid type Levels (increase ↑; decrease ↓)  AD animal models Reference 

Ceramide 
Gangliosides 

Sulfatides 

↑ in proximity to Aβ plaques 
↑ in proximity to Aβ plaques   
↓ in proximity to Aβ plaques 

APP 
 

[275] 

Ceramide (unchanged) APP/PS1 [277] 

Ganglioside (GM2/GM3) ↑ APP, PS1, APP/PS1 [276] 

Ganglioside (GM3) 
Ganglioside (GD1) 

↑ 
↓ 

APP (rats) [279] 

Ceramide ↑ APP; PS1 
 

[277] 

Phospholipids (PS, PI, LBPA, LPC) 
SM 

Ceramide 
Ganglioside 

↓ 
↑ 
↑ 
↑ 

APP; PS1; APP/PS1 
 
 

[278] 

Table 2. Sphingolipid alteration in Alzheimer’s disease animal models.   
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Compounds Known targets Mechanism of action 

Myriocin 
Serine palmitoyl transferase  Suicide inhibitor / immunosuppressant 

Immunosupressant S1P receptor agonist 

L-cycloserine 
Serine palmitoyl transferase 
NMDA receptor 

Inhibitor 
Partial agonist 

Fumonisins (B2) Ceramide synthases  Inhibitor 

HPA-12 Ceramide transfer proteins  Reversible inhibitor (competitor) 

L-Threo-1-phenyl-2-decanoylamino-3-
morpholino-1-propanol (PDMP) 

Glucosyl ceramide synthase  Inhibitor 

D2/ Dy105 Sphingomyelin synthase 2  Inhibitor 

Desipramine (classic TCA) 
Acid sphingomyelinase  

FIAMs 
Acid ceramidases  

Fluoxetine (SSRIs) Acid sphingomyelinase  FIAMs 

FTY720 (Fingolimod) 

S1P receptors agonist  
S1P analog, functional antagonist of S1P receptors, 
inhibitor of ceramide synthase and acid 
sphingomyelinase 

Ceramide synthase 

Acid sphingomyelinase 

GW4869 Neutral sphingomyelinase 2  Inhibitor 

SEW2871 S1P receptor isoform 1 specific Agonist 

Halothane  - Stimulator of sphingomyelinases activity 

Vanadate  - Stimulator of ceramidase/ceramide kinase activity 

Table 3. Compounds that target proteins of the sphingolipid pathway with reported mechanism of action.
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Abstract 

Ceramide and sphingomyelin (SM) are sphingolipids, important for cell membrane structure and 

cellular function. In brain tissue of Alzheimer’s disease (AD) patients, a deregulation of their levels 

is observed which plays a role in disease pathogenesis.  Ceramide transfer proteins (CERTs) are 

the only known ceramide carriers, crucial for ceramide and sphingomyelin regulation. Blockage 

of CERTs ceramide transfer activity leads to reduced levels of SM in vitro. Moreover, besides 

their ceramide transfer function, CERT proteins are also able to activate the complement system 

and co-localize with amyloid-β (Aβ) plaques in AD brain. To date, the significance of these 

observations for the pathophysiology of AD remains uncertain. Here, we report that CERTL, the 

long isoform of CERTs binds to amyloid precursor protein (APP), modifies Aβ aggregation and 

reduces Aβ neurotoxicity in vitro. Further, we show that intracortical injection of recombinant 

adeno associated virus (AAV), mediating expression of CERTL in neurons, decreases levels of 

ceramide d18:1/16:0 and increases SM levels in the brain of a transgenic mouse model of familiar 

AD (5xFAD). Mechanistically, CERTL in vivo over-expression decreases Aβ formation by affecting 

APP cleavage and it is immunomodulatory on microglia by decreasing their pro-inflammatory 

phenotype. Our results for the first time demonstrate that an increase of CERTL, modulates 

sphingolipid levels, affects amyloid plaque formation and brain inflammation, pathological 

hallmarks of AD, opening research pathways for therapeutic targets of AD and other 

neurodegenerative diseases. 

Keywords: ceramide, sphingomyelin, ceramide transporter protein (CERT), adeno-associated 

virus (AAV), Alzheimer’s disease (AD), 5xFAD, amyloid-β plaques, neuroinflammation 
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Introduction 

Key features of Alzheimer’s disease (AD) pathology are aggregates of amyloid- β peptides (Aβ), 

neurofibrillary tangles (NFTs) causing neurodegeneration together with blood-brain barrier (BBB) 

dysfunction, neuroinflammation and lipid disbalance. To date, the cause of AD remains largely 

unknown. Elucidation of the deregulated biological mechanisms that lead to the onset and 

progression of AD is critical to identify new treatment strategies [1-4].  

Sphingolipids (SLs) are waxy lipids formed by a sphingosine backbone, important for the cell 

membrane architecture and for the function of transmembrane proteins. Furthermore, SLs such 

as ceramides (Cer) and sphingosine-1-phosphate (S1P) are also potent second messenger 

regulating cellular processes, like cell growth and apoptosis [5-8]. Cer are formed by two 

metabolic pathways: by de novo synthesis initiated with the precursor palmitoyl-CoA or by 

catabolism of complex sphingolipids such as sphingomyelin (SM) [9-11]. In the cell membrane, 

SLs are typically organized in microdomains, called lipid rafts, characterized by specific SL 

species composition.  

Several studies have analyzed lipid composition in AD brain tissue, reporting an increase of Cer 

species [12-15]. Lipid rafts enriched in Cer, isolated from frontal cortex of AD postmortem tissue 

showed a reduction of SM levels compared to control brain [16]. Moreover, SM levels in brain 

regions particularly vulnerable to Aβ plaques formation were reduced in AD brains [19, 20]. Strong 

evidence links Aβ pathology to SL homeostasis. The enzyme β-secretase and γ-secretase, which 

cleave the amyloid precursor protein (APP) to generate Aβ, are stabilized and have an increased 

half-life in Cer enriched conditions, thus increasing Aβ biogenesis [17, 18]. In turn, Aβ can 

stimulate Cer production by directly activating the phosphodiesterase enzyme sphingomyelinase 

which converts SM to Cer [19, 20].  

The ceramide transfer proteins (CERTs) contain a steroidogenic acute regulatory protein (StAR)-

related lipid transfer (START) domain which confers the ability to transport Cer between the ER 

and the Golgi [21]. CERTs are found in at least 2 isoforms by alternative splicing [22]. CERTs are 
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expressed in the central nervous system and they are crucial in embryogenesis and brain 

development [22-24]. When CERTs activity is blocked pharmacologically or genetically by 

compromising the START domain of the protein, SM production decreases significantly [25, 26]. 

CERTL can be secreted extracellularly and was found to partially co-localize with serum amyloid 

P component (SAP) and with amyloid plaques in AD brain [27, 28]. Besides, CERTs are also 

potent activators of the classical complement pathway [29].  

In the current study, we investigated the effect of CERTL overexpression on sphingolipid 

composition, amyloid formation and inflammation in vivo using adeno associated virus (AAV) 

mediated gene delivery in the 5xFAD mouse model [30]. Our findings showed that an increase of 

CERTL modulated lipid levels increasing SM. Surprisingly, CERTL also affected amyloid plaque 

formation and brain inflammation, typical pathological hallmarks of AD, supporting the idea that 

enzymes and transporters of the sphingolipid pathways are at the core of the pathophysiological 

changes observed in AD. 
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Material and Methods 

CERTL interaction with APP/Aβ and exosome preparation 

CERTL exosomes release.  Exosomes were prepared as described in [31]. Wild-type HEK 

and HEK-APP [32] cells were grown on plastic cell culture dishes until 80 % confluency. For 

exosome collection, cells were washed three times with PBS before addition of serum-free culture 

medium for a period of 16 h. Culture media was once centrifuged for 10 minutes at 3,000 × g.  

The supernatant was then centrifuged twice at 4,000 × g followed by one 30 minutes 

centrifugation step at 10’000 x g and a final 1-h ultracentrifugation step at 100,000 × g. All 

centrifugation steps were carried out at 4°C. The pellet from the final ultracentrifugation step was 

resuspended in sample buffer. [33]  In parallel, cells were scraped into a lysis buffer consisting of 

1% CHAPS, 5 mM EDTA, 50 mM Tris, pH 8.0 plus protease inhibitor (Complete, Roche). Post-

nuclear supernatants after 5000 x g centrifugation at 4 °C were solubilized in sample buffer. 

Exosome pellets and cell lysates were subjected to SDS-PAGE electrophoresis and Western 

blotting. Exosome and lysate fractions were re-probed with anti-calnexin. The exosome marker 

protein Flotillin-2 (BD Biosciences) was used as a positive control. 

Immunoprecipitation (IP). Wild type HEK293 and HEK-APP, cells which stably express APP 

(NP_958817.1) [32], were cultured in DMEM supplemented with fetal bovine serum (FBS), 

Pen/Strep and L-glutamine. Stable transfected HEK-APP were maintained in G418 selective 

medium. Prior to the experiment cells were seeded in 25 cm2 flasks and maintained in serum-free 

DMEM for 24 hours. For the homogenization, cells were washed two times with PBS, collected in 

lysis buffer (25mM Tris HCl pH 7.5,150 mM NaCl, 0.5% Triton X-100 and protease inhibitors), 

centrifuged at 20,000x g for 30 minutes and the resultant supernatants collect for the protein 

Bradford analysis. Protein extracts (100µg) from HEK or HEK-APP were useded for 

immunoprecipitation experiments. Pull down of endogenous CERTL and APP was performed with 

1 µg mAb anti CERTL (3A1-C1) [27] and anti-Aβ mAb 6E10 (Covance), respectively by 1-hour 
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incubation at room temperature. mAb anti syntaxin 6335 (clone 3D10, Abcam) was used as 

isotype control. Next, anti-mouse secondary antibodies (Euroegentec) were used to pull down the 

immune complex. Thereafter, samples were centrifuged at 20,000xg for 30 minutes. Pellets were 

washed three times in 50 µL PBS and boiled in reducing sample buffer containing 

mercaptoethanol to solubilize immunocomplexes. Then, the proteins were separated on a Tris-

HCl 4-15% gradient gel (Bio-Rad), and blotted on nitrocellulose membrane (Millipore). Next, the 

membranes were probed with anti-Aβ (6E10) or rabbit pAb anti-CERTs (epitope 1-50 of human 

CERTs, Bethyl Laboratories) antibodies. After 3 washes, membranes were incubated with donkey 

anti-mouse IRdye 680 and goat anti-rabbit IRdye 800 (Rockland Immunochemicals) and scanned 

using the Odyssey infrared imaging system. 

Immunofluorescent staining. HEK-APP cells were seeded into a 60 mm dish containing 

sterile glass coverslips for reattachment. Cells were then fixed with 3.7 % PFA in PBS at 37°C for 

15 minutes washed three times with PBS and incubated with 0.5 % BSA. Cells were stained with 

polyclonal anti CERTs (epitope 130-218 of human CERTs, Sigma) and with a human mAb anti 

APP [27]. Next, cells were analyzed using an inverted fluorescence microscope (Olympus IX-81) 

and photomicrographs were acquired using µManager software [34] with a EXi Aqua (QImaging) 

digital camera. 

Microscale thermophoresis binding analysis .  Microscale thermophoresis (MST) 

analysis was performed in the Monolith NT.155 instrument (Nanotemper). In brief, 20 nM of 

NT647 labeled CERT was incubated for 20 minutes at room temperature in the dark with different 

concentrations of either Aβ1-42 (rPeptide Athens) (3-100,000 nM) or control 17kDa Lama antibody 

fragment (H6) (1-35,000 nM) in PBS Tween20 (0,01%). Afterwards, 3-5 µL of the samples were 

loaded into glass capillaries (Monolith NT Capillaries, Cat#K002) and the thermophoresis analysis 

was performed (LED40.51%, IR laser 80%). Statistical analysis was performed with Origin8.5 

Software. 
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Aβ aggregation assay and cell-based toxicity assay  

Transmission Electron Microscopy (TEM).  Aβ1-42, purchased as the lyophilized salt 

(Bachem), was dissolved in 0.01M NaOH in ultrapure water to give an Aβ1-42 stock solution of ca 

0.20 mM, which was used immediately to prepare each of the treatments. The remaining peptide 

stock solution was frozen at -20oC until required. Under these highly alkaline conditions the 

peptide is fully dissolved and exists only as monomers [35]. Treatments containing Aβ1-42 and / or 

CERTL  [27], were prepared in 0.20 μm filtered modified Krebs-Henseleit (KH) medium (118.5 mM 

NaCl, 4.8 mM KCl, 1.2 mM MgSO4, 1.4 mM CaCl2, 11.0 mM glucose), buffered in 100 mM PIPES 

at pH 7.4, including 0.05 % w/v sodium azide to inhibit microbial growth. Treatments were 

incubated at 37 oC until their specified time points, prior to being prepared onto TEM grids. For 

replicate treatments, Aβ1-42 was thawed thoroughly immediately before use and then vortexed 

briefly. The stock solution was centrifuged at 15,000 rpm for 5 minutes and 2.0 μL was then taken 

ready for concentration determination by absorbance at 280 nm, utilizing a NanoDrop 1000 

spectrophotometer (Thermo). A value of 1390 M-1 cm-1 was taken as the extinction coefficient for 

Aβ1-42 and the resultant concentration was calculated by the application of the Beer-Lambert law. 

CERTL concentrations were determined in the same manner with a value of 107925 M-1 cm-1 

taken as the extinction coefficient using the 72 kDa recombinant CERTL sequence (hCERTL, 

1875bp NP_005704.1).  

All samples for TEM were prepared via a modified TEM staining protocol [36]. Pre-coated S162 

200 mesh formvar / carbon coated copper grids (Agar Scientific), were inserted into 20.0 μL of 

the treatment beaded onto paraffin film for 60 seconds, then wicked, passed through ultra-pure 

water, re-wicked and placed into 30 μL 2 % uranyl acetate (in 70 % ethanol), for 30 s. Following 

staining with uranyl acetate, grids were removed, wicked, passed through ultra-pure water, re-

wicked and placed into 30 μL 30 % ethanol for 30 s. Grids were finally re-wicked following this 

step, covered and allowed to dry for up to 24 h, prior to analysis via TEM.  
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Samples for TEM were viewed on a JEOL 1230 transmission electron microscope operated at 

100.0 kV (spot size 1), equipped with a Megaview III digital camera from Soft Imaging Systems 

(SIS). Images were obtained on the iTEM universal TEM imaging platform software.  

Aggregation assay.  Aβ1-42 was purchased from Anaspec. The peptide was solubilized in 

sterilized PBS, 0.1 % trifluoroacetic acid (TFA) at the concentration 2 mM and frozen in aliquots 

at -80°C. Aliquots were diluted at final concentration of 20 µM in a total volume of 400 µL 

containing 1 or 2.5 µM of affinity purified recombinant CERTL [27]. Samples were kept under 

rotarod shacking for 1, 2, 4, 8, 12 and 24 hours at 37°C before adding 5 µL to 95 µL of thioflavin 

T (ThT) concentrated 20 µM, dispensed in 96 well optical plate and measuring fluorescent 

excitation at 450 nm and emission 486 nm in Victor X3 plate reader (Perkin-Elmer). 15 µL of the 

samples were also loaded onto a precast TGX 4-16 % gel either under native non-reducing or 

denaturing reducing conditions. Samples were then transferred to nitrocellulose membrane, 

blocked with 5% BSA in PBS and probed with mouse mAb anti-CERTL (3A1-C1) and human 

mAbs against Aβ (20C2, 3D6 and m266) as previously described [27]. After incubation with goat 

anti-rabbit IRdye 800 and donkey anti-mouse IRdye 680 (Rockland Immunochemicals) the 

membranes were washed and scanned with Odyssey imager Li-Cor. 

Toxicity assay. SH-SY5Y cells were seeded on a 96-well plate at a density of 3×104 cells per 

well in 1:1 DMEM:F12 with phenol red, 4 mM glutamine, 200U/ml penicillin, 200U/ml streptomycin, 

MEM non-essential amino acids (100×; Gibco) and 10% FBS, and incubated at 37 °C for 24 

hours, reaching up to 100% confluency, with 5% CO2. After 24 hours, the medium was removed 

and replaced with 100 µl/well medium without phenol-red, containing 2% FBS and with 10 µM 

Aβ1-42 oligomers, and/or 1 µM CERTL, or alone to control wells and incubated for 24 hours. 10 µl 

of MTT (4 mg/ml) was added to each well and incubate at 37°C for 3 hours. MTT solution was 

decanted and the formazan was extracted with 100 µl of 4:1 DMSO:EtOH. Plates were read at 

570 nm, with reference filter at 690 nm. 
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Generation of adeno-associates virus 

Human collagen type IV alpha 3 binding protein cDNA sequence (hCERTL, 1875bp 

NP_005704.1) was cloned into the plasmid AAV-6P-SEW a kind gift of Prof. S. Kugler Department 

of Neurology, University of Gottingen. The transgene expression was controlled by human 

synapsin-1 promoter (hSYN, 480bp) and an internal ribosome entry site (IRES 566bp) enabled 

the co-expression of EGFP [37]. The plasmid expressing exclusively EGFP was used as control 

(pAAV-EGFP). The AAV-CERTL plasmid was sequenced by GATC Biotech laboratories and both 

AAVs plasmids were tested in vitro in our laboratories. AAVs particles were produced as 

explained previously [38].  In brief, the transfer plasmids pAAV-EGFP or pAAV-CERTL were used 

to produce AAV2 particles. Eight 15-cm petri dishes each containing 1.25x107 HEK 293T cells in 

Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal calf serum (FCS) and 1% 

penicillin/streptomycin (PS; all GIBCO-Invitrogen Corp., New York, NY, USA) were prepared one 

day before transfection. The medium was refreshed 1 hour prior to transfection to Iscoves 

modified Eagle medium (IMEM) containing 10% FCS, 1% PS and 1% Glutamine. Transfer 

plasmids were co-transfected using polyethylenimine (PEI, MV25000; Polysciences Inc.) in a ratio 

of 1:3 with the pAAV-EGFP or pAAV-CERTL resulting in a total amount of 50 µg of plasmid DNA 

per plate. The day after transfection, medium was replaced with fresh IMEM with 10% FCS, 1% 

PS and 1% Glutamine. Two days later (3 days post-transfection), cells were harvested in D-

phosphate buffered saline (D-PBS, GIBCO) and lysed with 3 freeze-thaw cycles. Genomic DNA 

was digested by adding 10 µg/ml DNAseI (Roche Diagnostics GmbH) into the lysate and 

incubated for 1 hour at 37 °C. The crude lysate was cleared by ultracentrifugation at 4000rpm for 

30 minutes. Virus was purified from the crude lysate using the iodixanol gradient method, diluted 

in D-PBS/5% sucrose and concentrated using an Amicon 100kDa MWCO Ultra-15 device 

(Millipore). All AAV vectors were stored at -80 °C until use. Titers (genomic copies/ml) were 

determined by quantitative PCR on viral DNA primers directed against the EGFP portion 

(Forward: GTCTATATCATGGCCGACAA; Reverse: CTTGAAGTTCACCTTGATGC).  The AAV 
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particles produced with pAAV-CERTL are referred to in this paper as AAV-CERTL while the 

particles produced with pAAV-EGFP are named AAV-control. 

Animals 

In this study male mice were used. To investigate transduction efficiency over time we employed 

24 C57BL/6 wild type (WT) animals. A detail description of the timeline and the experimental 

design can be found in the supplementary Figure 1B. B6/SJL WT and 5xFAD animals were 

obtained from Jackson laboratory and bred in house using 5xFAD x non-carriers. This breeding 

strategy may breed out the retinal degeneration allele Pde6brd1 from the original strain. The 

Jackson Lab has observed a less robust amyloid phenotype in this strain. The 5xFAD model 

carries 5 familial AD mutations, three of them in the human APP transgene (Swedish, Florida, 

and London), and two in the human presenilin-1 (PS1) transgene (M146L and L286V mutations). 

These mutations lead to an increase Aβ peptide production [30].  Animals were individually housed 

under a 12 h light/dark cycle in individually ventilated cages. One week before behavioral tests, 

animals were adjusted to reversed day night cycle. Food and water were provided ad libitum 

throughout the study. All experiments were approved by the Animal Welfare Committee of 

Maastricht University and followed the laws, rules, and guidelines of the Netherlands.  

Stereotactic injection 

The animals underwent bilateral stereotactic injections. Mice were placed in a stereotactic head 

frame, and after midline incision of the skin two holes were drilled in the skull in the appropriate 

location using bregma and lambda as references. The layer V of the motor sensory frontal cortex 

was targeted; this was verified by light microscopy to observe the dye. Coordinates were 

determined as follows: anterior posterior [AP] 0.06; mediolateral [ML] +/- 0.15; dorsoventral [DV] 

-0.1 [39]. The AAVs were injected at the dose of 1.12*10E8 transducing unit (t.u.) in the 

anesthetized mice at a rate of 0.2 μ l / minutes with a final volume of 1 μL for each side.  
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Behavioral procedures 

Open field (OF) task was performed as described elsewhere [40]. Briefly, locomotion activity 

was assessed in a square divided into 4 equal arenas. At the start of a trial, the animals were 

placed in the center of each arena. The total distance traveled was measured under low light 

conditions by a video camera connected to a video tracking system (Ethovision Pro, Noldus). 

Y-maze spontaneous alternation (AYM) was conducted to assess spatial working memory. 

Mice were placed randomly in one of the three arms of the Y-maze and were left free to explore 

the arena for 6 minutes. The number of arm entries and the number of triads were recorded in 

order to calculate the percentage of alternations to measure working memory.  

Elevated zero-maze (EZM) was used to measure anxiety. It consists of a circular runway 

which is divided equally into two opposite open and two opposite enclosed arms. The mice were 

placed into one of the open arms and allowed to explore the maze over a period of 5 minutes. 

The total and relative duration and distance traveled in the open and enclosed arms were 

measured in the dark via an infrared video camera connected to a video tracking system 

(Ethovision Pro, Noldus). 

Y-maze spatial memory test (SYM). was performed using the same arena as described in 

AYM above. One arm of the arena was closed by a removable blockade placed in front of it. The 

mice were placed in one of the open arms which was randomized over the groups and allowed to 

explore the 2 open arms of the maze for 5 minutes. Afterwards, the animal was taken from the 

arena and put back into its home cage. Five hours later the mouse was placed back into its 

corresponding start arm of the arena, now with all three arms accessible. The previously blocked 

arm was termed the “novel arm”. Memory was evaluated by calculating the amount of time spent 

in the novel arm corrected for the latency to move from the start arm to another arm and the 

amount of time the animal spent in the center of the maze [41]. 
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Immunofluorescence staining 

Mice were sacrificed by intra-cardial perfusion using Tyrode's solution for the first minute, followed 

by fixation solution 4% paraformaldehyde (PFA) for 10 minutes under deep sodium pentobarbital 

anesthesia (150 mg/kg). The brains were removed and post-fixated overnight in 4% PFA fixation 

solution, and subsequently moved every 24 hours in a buffer containing a gradually higher 

sucrose percentage: 10% and 20% sucrose in 0.1 M phosphate buffer solutions (PBS). 

Afterwards, brains were quickly frozen using CO2 and dissected into 16 μm thick sagittal sections 

using a cryostat (at -25 oC; Leica). All series of sections were subsequently stored at -80°C until 

further processing. Next immunofluorescence co-labeling was performed  with either anti-Iba1 

rabbit (Wako Pure Chemical Corporation) or anti-glial fibrillary acidic protein (GFAP) mouse 

combined with  anti-Aβ plaques human antibodies [42]. Subsequently, the corresponding anti-

rabbit or anti-mouse and anti-human secondary antibodies conjugated to Alexa Fluor-594 or 488 

(Jackson ImmunoReseach Laboratories) were added for 2 hours. Washes were performed 3 

times for 10 minutes in TBS with 0.2% Triton-X100 (TBS-T), TBS, and TBS-T, respectively in 

between the antibody incubation steps. 

Sphingolipid analysis  

High pressure liquid chromatography-tandem mass spectrometry (HPLC-MS/MS). Powder 

aliquots of cortex, hippocampus and cerebellum tissue were homogenized in PBS at the 

concentration of 10 µL / 1mg. Then, 50 µL of the brain preparation (or 25 µL of plasma) were used 

to measure Cer, sphinganine (SPA), sphingosine (SPH), sphingosine-1-phosphate (S1P) as 

previously described [43].  Briefly, brain preparation (or plasma) was spiked with internal 

standards mixture prior to undergoing extraction.  Data acquisition was done using select ion 

monitor (SRM) after chromatographic separation and electrospray ionization on the Thermo TSQ 

Quantum Ultra mass spectrometer (West Palm Beach) coupled with a Waters Acquity UPLC 

system (Milford). Concentrations of each analyte were calculated against each perspective 

calibration curve. 
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Protein extraction 

Mice were terminally anesthetized with sodium pentobarbital, perfused and the brain removed 

and dissected into cortex, hippocampus and cerebellum Each brain region was then powdered in 

iron mortar partly emerged in liquid nitrogen, and aliquoted. Frozen tissue from dissected brains 

was sonicated in about 15 volumes (w/v) of Tris buffer saline (TBS). Samples were centrifuged, 

and the TBS-soluble fraction was aliquoted prior to freezing in liquid nitrogen and stored at −80 

°C. The pellet was re-suspended in about 15 volumes of TBS buffer containing 1% Triton-X 100 

with sonicator 1 cycle for 20 seconds. Samples were centrifuged, and the TBS-T-soluble fraction 

was aliquoted and frozen as described for TBS. The pellet was re-suspended in 70% formic acid 

to 150 mg/ml based on tissue weight, and mixed by rotation at room temperature for 2 h. Samples 

were centrifuged, and the formic acid-soluble fraction was neutralized (with 20 volumes of 1 M 

Tris base), aliquoted, and frozen at −80 °C. Total protein content in the TBS and TBS-T 

extractions was determined with Bio-Rad DC (Life Science Group) protein assay following the 

manufacturer's instructions.  

Aβ immunoassay and Western blot  

Immunoassay. Microplates Microlon/F-shape REF 655092 (Greiner) were coated with 1 µg/mL 

of human 3D6 [27] overnight at room temperature in coating buffer (sodium carbonate pH=9.6 

0.05 M NaCO3 in MQ water). After washing plates (washing buffer 0.05% Tween- 20 in PBS were 

blocked with 4% not fat dry milk and incubated with brain homogenates or with Aβ to generate 

the standard curve. Next plates were washed, incubated with 50ng/mL of biotinylated human 

20C2 [27] and washed again. Finally, plates were incubated with streptavidin-HRP (Jackson 

ImmunoResearch Laboratories) diluted 1:8,000 and developed using 3,3',5,5'-

Tetramethylbenzidine (TMB).  The absorption was measured at 450 nm within 30 minutes of 

stopping the reaction with 2 M H2SO4 using the Perkin Elmer 2030 manager system. 

Western blot. TBS and TBS-T samples corresponding to 40 µg of total protein we loaded onto 

a precast TGX 4-16% gel (Bio-Rad). Then samples were transferred to PDVF membranes, 
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blocked with Odyssey blocking buffer and probed with 1µg mAb anti-Aβ (6E10, Covance). After 

incubation with donkey anti-mouse IRdye680 (Rockland Immunochemicals) diluted 1:1,000 in 

Odyssey blocking buffer, the membrane was scanned and analyzed with Odyssey imager Li-Cor. 

The intensities of the APP bands detected at 100 kDa, were measured with Odyssey imager Li-

Cor. 

Cytokines analysis 

Cytokines were measured in total protein homogenate extracted from the cortex in lysis buffer 

containing 0.1% SDS, 0.1% Triton X-100, 1% glycerol, 1 mM EDTA, 1 mM EGTA, phosphatase 

and protease inhibitors. Samples were diluted to 0.1mg / mL total protein and cytokines (IFN-γ, 

IL-1β, TNF-α, IL-6, IL-4, IL-10 and IL-33) were measured on Meso Scale Discovery V-PLEX 

custom mice (K152A0H-1) and read on a Meso Scale Discovery SECTOR 600 (Meso Scale 

Discovery).  

Reverse transcription polymerase chain reaction (RT-PCR) 

Total RNA was isolated from 20-50 mg of cortex using Trizol reagent (Invitrogen). One microgram 

of total RNA was treated with DNAse I and transcribed into cDNA (Superscript III, Invitrogen). 

PCR was performed in duplicate with SensiMix™ SYBR® Low-ROX Kit (Bioline) using the set of 

primers reported in supplementary table 1. Fold changes of expression relative to control were 

determined after normalization to GAPDH and Actin. Fold change was calculated by the 

comparative Ct method [44]. 

Statistical analysis 

All data shown are expressed as mean ± standard error of the mean (SEM). Behavioral tasks, 

sphingolipids, RT-PCR and cytokines data were analyzed with two-way analysis of variances 

(ANOVA) with AAV treatment and genotype as independent factors. Least Significant Difference 

(LSD) was used for post-hoc testing. Comparison of mean values from two groups were 

performed by an unpaired two-tailed Student’s t-test or by Mann–Whitney U test for non-
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parametric testing. Statistical analysis was performed using the Statistical Package for the Social 

Sciences (SPSS 23.0 SPSS Inc., Chicago, IL, USA). All graphs were designed in GraphPad Prism 

(version 5,GraphPad Software, San Diego, CA, USA). P-Values were considered as significant 

if p ≤ 0.05 and marked with (*). Results were marked with (**) if p ≤ 0.01, or (***) if p ≤ 0.001. 
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Results 

CERTL is released by exosomes and directly affects Aβ aggregation and toxicity in vitro  

We have shown that CERTs can be found in close location to plaques in AD brain where they 

partially co-localize with SAP and with amyloid fibrils. It has been demonstrated before that 

specific forms of CERTs can be released in the lumen or can be found membrane bound [28]. 

Here, we investigated whether CERTs can be released extracellularly by exosomes. We cultured 

HEK and HEK cells overexpressing APP. Nanoparticle tracking analysis measurements (NTA) 

confirmed that both cell lines release exosomes (Supplementary Figure 2F) and that exosomes 

contained CERTs (Figure 1A).  Next, we tested the hypothesis that the long isoform of CERT, 

CERTL interacts with Aβ. Cellular extracts of HEK-APP, expressing endogenous CERTL and 

stably expressing APP were incubated with mAbs against CERTL, APP and a mAb used as a 

negative control targeting syntaxin 6 respectively for IP. Pull down was performed with anti-mouse 

antibodies for all 3 conditions. Western blot analysis of the samples showed efficient IP of both 

proteins by their respective antibodies. APP was detected as a band around 100 KDa whereas 

CERTL was detected as a band of 200 KDa. The two respective bands were visualized either 

when CERTL or APP were pulled down, but not when syntaxin 6 was used instead.  The results, 

representative of three independent experiments, showed interaction between CERTL and APP 

(Figure 1B).  We confirmed that the two proteins are in proximity by immunofluorescent co-

labeling with anti-CERTs and APP antibodies on HEK-APP cells. The labeling showed a co-

localization of both proteins at the plasma membrane and in the perinuclear region (Figure 1C). 

Next, we report a direct interaction of CERTL with Aβ1-42 by MST (Kd = 2.5µM) (Figure 1D) and far 

Western blot (Supplementary figure 2D-E). Having shown that CERTL directly binds to APP and 

Aβ, we next tested whether binding of CERTL to Aβ1-42 could directly influence the spontaneous 

in vitro fibrilization of Aβ1-42. This was determined by allowing Aβ1-42 monomers to aggregate in 
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the presence or absence of CERTL. The aggregation was then studied by TEM and ThT 

fluorescent assay. 

The TEM images showed that amyloid-like fibrils were observed in both conditions with and 

without CERTL in combination with Aβ. However, the amyloid structure identified in the presence 

of CERTL was not linear in shape and the fibril width varied significantly (Figure 1E-F) when 

compared to Aβ1-42 alone.  The fibril formation observed with CERTL+ Aβ1-42 could be a precursor 

to amyloid fibril formation but not classic amyloid fibril formation as previously reported [45]. 

In addition to the aggregation of Aβ1-42 imaged by TEM, we monitored Aβ1-42 amyloid formation by 

ThT fluorescence measurement. In the absence of CERTL, the ThT fluorescence of Aβ1-42 peaked 

after 10-12 hours indicating amyloid formation, with the addition of CERTL (2.5 µM) Aβ1-42 

maximum ThT fluorescence reduced to 50%. In contrast, at 1 µM concentration, CERTL was less 

effective at preventing Aβ1-42 fibrilization (Figure 1D-E). 

Furthermore, using SHSY-5Y cells we examined the effect of CERTL on cell viability when Aβ1-42 

was present. The addition of Aβ1-42 to the culture medium of SHSY-5Y cells resulted in a 38% 

decrease in viability after 24 hours, as measured by MTT reduction relative to control conditions 

(p<0.01). Interestingly, simultaneous addition of CERTL significantly ameliorated the toxic effect 

of Aβ1-42 (Figure 1G), with a 15% increase relative to Aβ condition (p<0.05). Our results indicate 

that, CERTL might be important in stabilizing APP in the membrane, and in organizing Aβ 

aggregation into less toxic forms. 

Ceramide species are increased in 5xFAD compared to WT animals depending on brain region 

and acyl chain length. The 5xFAD model carries 5 familial AD mutations.  These mutations lead 

to a rapid increase Aβ peptide production. By 6 weeks of age, mice display elevated levels of Aβ, 

amyloid deposits and age-dependent amyloid pathology accompanied by increase of 

inflammatory marker levels in the CNS [46-49]. However, it is unknown if this model shows also 

increase of Cer level in the brain as it has been reported in brains of AD patient. Sphingolipid 
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species were determined with HPLC-MS/MS in cortex, hippocampus and cerebellum of 5xFAD 

wild type (WT) animals at 25-26 weeks of age.  The analysis showed a significant elevation of 

Cer d18:1/16:0 levelsin the cortex and of sphinganine (SPA), S1P, Cer d18:1/16:0, Cer 

d18:1/18:1, Cer 18:d1/20:0 and Cer d18:1/22:0 was observed in the hippocampus of the 5xFAD 

animals compared to WT mice. In the cerebellum only S1P levels were found to be significantly 

higher in the 5xFAD animals (Table 1). These results indicate that at that specific age and disease 

stage of the animals the cortex and the hippocampus are more susceptible to increase of Cer 

increase while the cerebellum is less affected. This suggests that increase of Cer levels correlate 

with amyloid burden. In fact, cortex and hippocampus are the area where the plaques are first 

reported to appear in this model [30].  Quantification of CERTs levels in the cortex by 

immunoassay showed a significant reduction of the protein concentration in AD brains compared 

to controls (Supplementary figure 1A) [50]. Our data suggest that sphingolipid metabolism is 

shifted towards increased production of Cer at different degrees depending on the brain region. 

Furthermore, CERTs concentration is reduced in the cortex of 5xFAD mice compared to WT. 

AAV-mediated neuronal expression of CERTL in WT mouse brain. To test the hypothesis that 

increasing CERTL levels in the cortex counteract the SL disbalance in 5xFAD animals, we 

generated AAV particles carrying the CERTL gene sequence controlled by the neuron-specific 

synapsin promoter (Figure 2A).  The AAV- CERTL was tested in vitro on cortical rat primary cell 

culture, proving to effectively transduce neurons (Supplementary figure 1 B). Next, 8 weeks old 

WT animals were injected in the layer V of the motor cortex with AAV- CERTL and AAV-control. 

The layer V of the frontal cortex was targeted since the Aβ accumulation is the most severe [30] 

and CERTs levels are reduced in this mouse model. The transduction efficiency was evaluated 

1,2, 6 and 12-weeks post injection (Supplementary figure 1 C) by immunohistochemistry (Figure 

2 B and Supplementary figure 1 D) and by RT-PCR (p<0.05) (Supplementary figure 1E). The 

AAV- CERTL was shown to effectively transduce neuronal cells and expressed the CERTL protein 

for at least 12 weeks. The labeling of CERT confirmed that AAV- CERTL reached the targeted 
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area of the cortex and also that the protein was expressed in neurons as well as an increase of 

labeling was visible extracellularly (Figure 2 B). This suggests that AAV-CERTL increased the 

extracellular release of CERTL as well.  The CERTL overexpression effect was investigated in the 

5xFAD animals 12 weeks post AAV particle injection. 

5XFAD and WT mice injected with AAV-CERTL and AAV-WT did not show behavioral 

abnormalities. Mice underwent stereotactic surgery for CNS administration of AAV particles at 12-

13 weeks of age and were monitored for 12 weeks. As abovementioned AAVs were injected in 

layer V of the cortex. At week 10 post injection, mice were challenged with a behavioral test 

battery in the following sequence: OF for locomotion activity, AYM and SYM for spatial memory 

and EZM for anxiety (Figure 3 A-E). It has been reported that 5xFAD mice, by 16 to 24 weeks, 

exhibit changes in hippocampus-dependent spatial working memory [30]. However, in our hands 

the animals did not present at this age memory and anxiety abnormalities (Figure 4A-D). So, no 

difference was found in the performance of WT animals compared to 5xFAD in locomotion (Figure 

3B), memory (Figure 3C and E) and anxiety (Figure 4D). AAV-CERTL attenuated 5xFAD 

hyperactivity, even though 5xFAD treated with AAV-control did not perform significantly different 

from WT animals. All in all, these data suggest that no detrimental behavioral effects in the 

animals were observed after CERTL over-expression. 

AAV-CERTL decreased Cer d18:1/16:0 and increased SM levels in the cortex. One of the main 

functions of CERTs is to shuttle Cer from the ER to the Golgi [21]. It has been reported that toxic 

increase of Cer species in the muscle can be attenuated by overexpressing hCERT cDNA [51].   

HPLC-MS/MS analysis of brain cortex tissue revealed a significant reduction of Cer d18:1/16:0 

level due to CERTL overexpression (p<0.05). This effect was not observed in WT animals but only 

in 5xFAD animals where Cer d18:1/16:0 level was significantly elevated (p<0.01). This transport 

of Cer to the Golgi is crucial for the de novo synthesis of more complex sphingolipids such as SM. 

Previous data from in vitro experiments reported that by blocking CERTs function SM levels would 

significantly decrease [25]. Hence, if CERTs activity is enhanced we expected an increase of SM 
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levels. Accordingly, sphingolipid analysis of the cortex showed that the levels of most of SM 

species (SM d18:1/16:0 p<0.001, SM d18:1/18:0 p<0.001, SM d18:1/18:1 p<0.01, SM d18:1/20:0 

p<0.05, SM d18:1/22:0 p<0.05 and SM d18:1/24:1 p<0.01) were increased in AAV- CERTL treated 

animals (Figure 4A). The only SM species not found significantly elevated was the SM d18:1/24:0 

whose precursor Cer d18:1/24:0 has been reported to be poorly transferred by CERTs [52].  

These data suggest that CERTL overexpression is effective in reducing Cer increase by 

intensifying the transfer to the Golgi which leads to increase of SM. While the Cer attenuation was 

restricted to pathological increase of Cer d18:1/16:0 level, SM elevation was consistent in all AAV-

CERTL treated animals. This shift in SL composition did not affect apoptosis markers in the cortex 

quantified by qPCR (Supplementary figure 6A). 

AAV-CERTL reduces Aβ levels by decreasing APP cleavage in the cortex of 5xFAD mice. Since 

our result indicate that CERTL can be released to the extracellular milieu and directly affects Aβ 

aggregation and toxicity in vitro, we investigated the effect of CERTL overexpression on Aβ levels. 

5A). Statistical analysis showed no significant difference in plaque load between the 5xFAD 

groups (Figure 5B). However, the percentage of small plaques size (10-25 µm) was reduced 

(p<0.05) in AAV-CERTL treated 5xFAD brains (Figure 5C). Furthermore, Aβ quantification of brain 

homogenate in TBS soluble and TBS-T soluble fraction showed that Aβ levels were reduced in 

samples treated with AAV-CERTL (respectively p=0.04 and p=0.03), while in the formic acid 

soluble fraction no change was observed (p=0.29) (Figure 5D). Since it has been reported that 

APP cleavage can be affected by Cer composition [17, 18], we investigated if the reduction of Cer 

and increase of SM levels mediated by AAV- CERTL is associated with altered processing of APP. 

The ratio Aβ / FL-APP was decreased in the CERTL overexpressing mice implying a reduction of 

Aβ biogenesis or increase clearance of Aβ (p<0.01). Since the CTFβ is the product of β-secretase 

cleavage of APP [53], the ratio of CTFβ / FL-APP bands intensities was used to assess β-

secretase enzyme activity. The CTFβ / FL-APP was found increase in AAV-CERTL treated 5xFAD 

animals (p<0.05) (Figure 5E).  Meanwhile, the ratio Aβ / CTFβ  is indicative of γ-secretase enzyme 
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activity and was found reduced in brains of CERTL overexpressing mice (p<0.01) (Figure 5E). 

The Aβ / CTFβ ratio combined with a lower CTFβ / FL-APP ratio suggest that less Aβ is produced 

in AAV-CERTL treated animals because of a reduction of β- and γ-secretase cleavage activity. 

AAV-CERTL reduces microglia immunoreactivity to Iba1 labeling and CD86 expression but has 

no effect on cytokines in the cortex of 5xFAD mice. We have observed that CERTs are associated 

to the dense core of Aβ plaque in AD brain where microglia cells are engaged. Thus, we 

investigated if microglia cells were affected by CERTL overexpression. To achieve this aim, brain 

sections were analyzed for Iba1 reactivity. AAV-CERTL treated brains had a decreased 

immunoreactivity to Iba1 (percentage of area p<0.001) (Figure 6A-B). Iba1 is considered a 

constitutive marker for microglia which is highly increased in 5xFAD animals compared to WT [54, 

55] (Figure 6B). Furthermore, it has been shown to be important for membrane ruffling a process 

crucial for macrophages and microglia motility and chemotaxis [56]. To investigate if AAV-CERTL 

affected other microglia membrane markers we run RT-PCR on cortex tissue. We quantified 

CD86 and Fizz-1 membrane markers, which characterize respectively pro-inflammatory status 

(M1) and anti-inflammatory (M2) microglia polarization. Statistical analysis showed that CD86 was 

increased in AAV-control treated 5xFAD animals compared to AAV-control treated WTs, and that 

AAV-CERTL specifically decrease CD86 in the 5xFAD group. However, no effect was found in the 

Fizz-1 receptor (Figure 6C). Next, we analyzed cytokines levels in brain homogenate using 

multiplex technology. The assay did not reveal any significant effect of AAV-CERTL treatment. 

However, we observed a significant increment of IL-1β (p<0.01) and significant reduction of IL-4 

(p<0.05) when comparing WT to 5xFAD animals in AAV-control treated groups (Figure 6D). These 

results indicate that AAV-CERTL decreases pro-inflammatory M1 membrane markers but does 

not affect significantly cytokines levels. 

AAV-CERTL does not change immunoreactivity of astrocytes to GFAP labeling in the cortex of 

5xFAD mice. Reactive astrocytes have been described as a pathological hallmark that generally 

occurs in response to neurodegeneration in AD [57]. To determine the extent of astrocytosis in 
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the 5xFAD mouse brain treated with AAV-CERTL compared to control, we performed 

immunofluorescence labeling on sagittal brain sections with anti-GFAP antibody (Figure 6E). 

Densitometric and particle analysis performed with ImageJ did not show significant difference 

based on treatment (Figure 6F).  However, as previously reported we observed a 3 fold increase 

of GFAP reactivity in the 5xFAD animals compares to WT controls [30, 58]. 
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Discussion 

In this work, we provide evidence indicating that CERTL plays an important role in AD by affecting 

Aβ formation and aggregation, sphingolipid disbalance typical of AD and neuroinflammation. Our 

data show that the increase of Cer d18:1/16:0 can be restored to normal levels by upregulating 

CERTL. The reduction of levels of Cer proved also to be effective in attenuating Aβ formation. 

Furthermore, CERTL overexpression revealed that CERTL can down regulate membrane markers 

for the pro-inflammatory status of microglia.   

It has been previously reported that APP can interact with extracellular matrix proteins like 

collagen I [59, 60]. This interaction is thought to be important in neuronal cell to cell adhesion with 

APP functioning as an anchor [61]. CERTL is known to be crucial in stabilizing the basal 

membrane [62]. We previously reported that CERTs can be found in close location to plaques in 

AD brains, where they co-localize with amyloid fibrils [27]. In line with this we found that APP can 

interact with CERTL and form complexes that can be immune-precipitated. In fact, CERTL might 

be important in stabilizing APP in the membrane and in the extracellular matrix. Also the APP 

product Aβ, for its chemical structure, can bind to a variety of biomolecules, including lipids, 

proteins and proteoglycans [63]. Here, we show that CERTL could directly bind to Aβ peptides 

and that this interaction affects Aβ fibrilization by organizing Aβ into less neurotoxic aggregates.  

Manipulation of CNS SL metabolism can be challenging. Removal or addition of genes of the SL 

pathway can be deleterious for brain function [64, 65]. Also, upregulation of specific enzymes in 

specific cell types can be harmful for brain function. In a previous report on SL interference by 

AAV particles delivering a human acid sphingomyelinase in the brain of rodents and primates 

showed that motor function could be severely affected [66]. On the contrary, in our study, 

behavioral testing at 9-10 weeks post AAV particle injection revealed no side effects when 

comparing AAV-CERTL to AAV-control treated animals in locomotor, memory and anxiety 

behavior tasks. However, we found a significant reduction of locomotor activity in the 5xFAD due 

to AAV-CERTL treatment. It has been reported that 5xFAD exhibit a hyperactive behavior 



97 
 

compared to control animals even though this peculiar behavior is not utterly understood and 

translation to human symptoms is unclear [67]. In our case, AAV-CERTL attenuated 5xFAD 

hyperactivity, even though 5xFAD treated with AAV-control did not perform significantly different 

from WT animals. Since hyperactivity is considered a pathological behavior of the 5xFAD mice 

we speculate that attenuation of this symptoms could be a desirable effect.  

The Cer generation is abnormal in AD, causing an increase in Cer formation [14, 68]. Furthermore, 

an accumulating body of evidence consistently reported a global increase of Cer levels in specific 

brain regions of AD patients. In agreement with these observations, we found that 5xFAD 

transgenic mice at 6 months of age showed also an increase of Cer d18:1/16:0 in the cortex and 

of several Cer species in the hippocampus (S1P, Cer d18:1/16:0, Cer d18:1/18:1, Cer d18:1/20:0 

and Cer d18:1/22:0). Previously, other studies showed increased brain Cer levels in different 

transgenic AD models (APP, PS1 and PS1-APP mutated mice) [69]. This suggests that there is 

a causal relationship between amyloid pathology and Cer imbalance. 

In a genome-wide gene-expression analysis on AD models, CERTs expression was found 

downregulated in the cortex compared to control [50]. The deficient transfer of Cer from the ER 

to the Golgi implicates that Cer accumulates in the ER causing a chronic stress-like reaction in 

the cell that compromises the unfolded protein response (UPR) pathway [10]. In contrast, the 

enzymes of the sphingolipid catabolic pathway like sphingomyelinase are abnormally active 

contributing to the Cer build-up in other cell compartments [14, 68]. The Cer accumulation 

contributes to amyloid pathology via two mechanism: first, Cer increases Aβ production by 

stabilizing secretases activity; secondly, Aβ activates the Cer mediated apoptotic pathway [17, 

18].  

In this study we report that increasing Cer trafficking from the ER to the Golgi by overexpressing 

CERTL, reversed the pathological increase of Cer in the cortex. A similar effect of CERTs 

overexpression in Cer elevation state, has been reported in a lipotoxic mouse model where 

muscle cells in overload Cer status, were rescued by increasing the expression of hCERT [51]. 
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In the AD brains, we observed that CERTL reduced 11% of the total Cer content restoring it closely 

to normal levels. In particular, Cer d18:1/16:0 was the most affected species by AAV-CERTL being 

reduce up to 35%. These results demonstrate the importance of physiological ER-to-Golgi Cer 

traffic in preserving the physiological balance of Cer levels in AD pathology. 

The soluble Aβ forms were reduced in the CERTL treated animals whereas the insoluble Aβ forms 

were not altered by the treatment. This reduction in the soluble forms is probably the consequence 

of the 11% reduction of total Cer due to CERTL overexpression. As aforementioned, the 

amyloidogenic cleavage of APP is favored resulting in more Aβ formation in Cer enriched 

conditions [17, 18]. In our study, the total Cer reduction may have affected the secretases activity 

in the opposite way. In fact, we found that the Aβ / APP ratio, which describes the APP processing 

till Aβ is formed, was lower in AAV-CERTL animals implying that less APP is cleaved to Aβ 

peptide. Importantly, APP processing takes place in different cell compartments not only on the 

cell surface [70] and the Cer shift is not confined to the ER compartment but can affect the whole 

cell [71, 72].  A validation to this hypothesis could be to study the effect of CERT inhibitors on Cer 

levels and Aβ formation in vivo. Recently, the pharmacokinetics of N-(3-hydroxy-1-hydroxymethyl-

3-phenylpropyl) dodecanamide (HPA-12), which is a Cer trafficking inhibitor, was described to 

reach the brain [23]. This drug could be useful tool to study if blockage of CERT transfer activity 

increases Cer and thereafter Aβ production.  

It is now thought that, one of the crucial processes in the development and exacerbation of AD is 

neuroinflammation [73]. Genome-wide association studies reported that variants of genes 

encoding for immune system proteins, like triggering receptor expressed on myeloid cells 2 

(TREM2), were discovered to be associated with AD pathophysiology [74]. Additionally, different 

inflammatory markers such as activated astrocytes and microglia, increased levels of cytokines 

and products of complement (C) activation are found in brain tissue of AD patients [75-78]. This 

pro-inflammatory environment is thought to be harmful for neurons. As we previously reported 

CERTL has also immune functions. Our lab demonstrated that CERTL interacts with SAP which 
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belongs to the pentraxin family of the innate immune system [34]. Additionally, we reported that 

CERTL can activate the complement system [33]. Here, we found that AAV-CERTL influenced 

microglia activation even though CERTL was specifically expressed in neurons under the control 

of the synapsin promoter. Consistently, we have demonstrated that CERTL can be released by 

exosomes to the extracellular space. This is in accordance with previous reports showing that 

CERTL is found in the lumen as a soluble form [58]. In addition, immunofluorescent labeling in 

rodent brain section, with CERTL specific mAbs, identified CERTL not only in neurons throughout 

the brain but also on the connective tissue locating this protein also outside the cells. It has been 

consistently reported that 5xFAD microglia are polarized towards a more pro inflammatory status, 

conventionally defined as M1, in response to the extensive plaque formation. Consequently, the 

Iba1 microglia marker is highly expressed in AD models [52, 53]. Densitometric analysis showed 

that AAV-CERTL was able to significantly attenuate the Iba1 expression. Iba1 has been reported 

to be important for membrane ruffling, a process important for microglia motility [54]. Along this 

line, CD86 another M1 marker was also reduced after AAV-CERTL treatment only in the 5xFAD 

animals. However, the anti-inflammatory effect was not detectable on cytokines release, which 

were not affected by treatment but only by genotype (IL-1β and IL-4).  

Our findings suggest that CERTL plays a key role in a novel neuro-inflammatory mechanism in 

microglia and that this response is exerted only when there is an inflammatory reaction ongoing 

by downregulating membrane markers for the pro/inflammatory status of microglia. Nevertheless, 

it remains unclear by which mechanism AAV-CERTL downregulates Iba1 and CD86. Here, we 

propose two hypotheses. First, the downregulation of Iba1 and CD86 is a direct action of CERTL 

on microglia activation status once secreted by neurons. Second, Iba1 and CD86 are decreased 

because of a modified exosome exchange. For instance, the exosome sphingolipid composition 

and cargo may have been shifted by CERTL overexpression effects. In the CNS, there is an 

extensive cross-talk ongoing between neurons and microglia which takes advantage of exosome. 
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Furthermore, toxic Aβ has been also reported among the content of exosome and reduction of 

exosome secretion was correlated to Aβ reduction [79, 80].  

In conclusion, by increasing CERTL expression in neuronal cells, we were able to increase SM 

production in the CNS. Next, after proving that CERTL binds and modifies Aβ aggregation in vitro, 

we observed that administration of AAV-CERTL in AD animals reduced Aβ production by at least 

2 mechanisms: by altering sphingolipid composition and by direct interaction with APP in 5xFAD 

animals. Moreover, we reported a new immune role of CERTL. AAV-CERTL decreased membrane 

markers important for pro/inflammatory status of microglia. All in all, our experiments are the first 

to demonstrate that an increase of CERTL, modulates sphingolipid levels, affects amyloid plaque 

formation and brain inflammation, pathological hallmarks of AD. These data open research 

pathways for therapeutic targets of AD and other neurodegenerative diseases. 
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Figures  

 

Figure 1. CERTL can be release extracellularly in exosomes, binds directly to APP and Aβ, 

and reduces Aβ aggregation and toxicity in vitro.  
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A) HEK and HEK-APP cells and exosome pellets isolated from cultured media were lysed and 

analyzed by Western blot. Calnexin, Flotillin-2 and CERTs were detected. B) Protein interaction 

detected using co-IP of APP and CERTL in HEK-APP. The total cell lysate of HEK-APP cells (L) 

lane 1 and the total cell lysate of HEK-APP cells IP using APP (6E10) (lane 2), CERTL (lane 3) 

and syntaxin (isotype control) (lane 4) antibodies were analyzed by Western blot. APP (1) and 

CERTs proteins were detected. Molecular weight markers are indicated (kDa). C) 

Immunofluorescent staining showing co-localization of CERTs and APP in HEK-APP cells. DAPI 

was used for nuclei staining. Scale bar 10 μm. D) CERTL and Aβ1-42 interaction was measure by 

microscale thermophoresis. Dissociation constant (Kd) calculated was 2.5+/-0.3 µM. E-F) TEM 

analysis of Aβ1-42 aggregation in absence and presence of CERTL showed a different aggregation 

pattern quantified by Aβ width (student′s t‐test ***p<0.001). G) Measurement of Thioflavin T (ThT) 

fluorescence intensity to detect Aβ1-42 aggregation in absence or presence of recombinant CERTL 

at different time points. Each data point represents the mean fluorescent intensity of three wells. 

G) Measurement of cell metabolic activity of SH-SY5Y by MTT assay in cells incubated with 

medium alone (control) or medium containing Aβ1-42, Aβ1-42 and CERTL, or CERTL alone for 24 

hours. Graph bar expressed as means ± S.E.M % of control N= 5-10 (one‐way ANOVA, 

Bonferroni correction *p< 0.05; **p<0.01).  
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Cortex Hippocampus Cerebellum 

WT (N=11) 5xFAD (N=12)  WT (N=11) 5xFAD (N=12)  WT (N=11) 5xFAD (N=12)  

Sphingolipid 
species 

Mean 
STDE

V 
Mean 

STDE
V 

p-value Mean 
STDE

V 
Mean 

STDE
V 

p-value 
Mea

n 
STDE

V 
Mea

n 
STDE

V 
p-value 

SPH 0.3 0.2 0.3 0.1 0.9475 0.2 0.1 0.3 0.1 0.2347 0.4 0.1 0.3 0.1 0.1823 

SPA 0.5 0.2 0.5 0.2 0.5042 0.3 0.1 0.5 0.2 
↑0.0216

* 
0.4 0.2 0.4 0.1 0.9206 

S1P 2.8 1.6 3.0 1.6 0.8084 2.0 0.8 3.0 1.8 
↑0.0038

* 
3.2 1.5 3.6 2.3 

↑0.0123

* 

Cer d18:1/14:0 0.1 0.1 0.1 0.0 0.8960 0.0 0.0 0.0 0.0 0.4043 0.0 0.0 0.0 0.0 0.5884 

Cer d18:1/16:0 0.8 0.3 1.1 0.3 
↑0.0080

* 
0.6 0.3 0.8 0.2 

↑0.0400

* 
0.5 0.3 0.6 0.2 0.6812 

Cer d18:1/18:1 0.2 0.1 0.2 0.1 0.0531 0.1 0.1 0.2 0.1 
↑0.0050

* 
0.1 0.0 0.1 0.0 0.9309 

Cer d18:1/18:0 40.1 14.0 43.9 10.5 0.4833 36.8 10.8 43.7 15.8 0.0959 14.6 4.7 14.3 3.9 0.8843 

Cer d18:1/20:0 1.4 0.4 1.7 0.4 0.1361 1.0 0.3 1.4 0.3 
↑0.0041

* 
0.8 0.2 0.9 0.2 0.6595 

Cer d18:1/22:0 0.6 0.2 0.7 0.2 0.1888 0.4 0.2 0.6 0.2 
↑0.0222

* 
0.6 0.2 0.6 0.2 0.9508 

Cer d18:1/24:1 50.5 25.0 55.9 20.6 0.5752 31.3 11.1 32.1 9.6 0.7817 101.7 57.9 90.7 36.9 0.5888 

Cer d18:1/24:0 0.4 0.2 0.5 0.2 0.5214 0.2 0.1 0.4 0.2 0.0666 0.5 0.2 0.5 0.2 0.9824 

Total SM 
2592.

1 
1221.9 

2895.
1 

888.2 0.2631 
4041.

1 
1926.9 

5050.
3 

3730.6 0.4308 - - - - - 

 

Table 1 Sphingolipid levels on cortex, hippocampus and cerebellum of WT and 5xFAD treated with AAV-control 

(student′s t‐test*p<0.05) 

↑ 5xFAD mean significantly bigger than WT animals 
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Figure 2. AAV-mediated neuronal expression of CERTL in WT mouse brain. A) The 

recombinant genomes of the two AAV-2 vectors.  Abbreviations: From left to right, ITR, inverted 

terminal repeats; hSYN1, human synapsin 1 gene promoter; CERTL, cDNA sequence coding for 

ceramide transfer protein long isoform (hCERTL, 1875bp NP_005704.1) ; IRES internal ribosome 

sequence for translation initiation. EGFP, cDNA coding for enhanced green fluorescent protein; 

GFP; WPRE, woodchuck hepatitis virus posttranscriptional control element; bGH, bovine growth 

hormone gene derived polyadenylation site; TB, synthetic transcription blocker. B) 

Representative photomicrograph of fluorescent immunohistochemistry staining of brain sections 

from AAV-CERTL and AAV-control 12 weeks after injection using pAb anti-CERTs (epitope 300-

350 of human CERTs) CERTL and nuclei in blue. Scale bars 250 and 50 μm. M1: motor sensory 

cortex 1; M2: motor sensory cortex 2; LV: lateral ventricle; I,II,III, IV and V cortical layers. 
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Figure 3. No behavioral abnormalities 10 weeks after injection of AAV-CERTL. A) The effects 

of CERTL over-expression were investigated in 30 5xFAD and 30 WT males. Mice were bilaterally 

injected at 12-13 weeks of age with AAV-CERTL or AAV-control particles at the dose 1.12*10E8 

transducing unit (t.u.). Starting at week 22 of age animals were challenged with the following 

behavioral tests: Open Field (OF) for locomotion activity, Alternate Y-Maze (AYM) and Spatial Y-

Maze (SYM) for spatial memory and Elevated Zero Maze (EZM) for anxiety. B) Locomotion 

expressed as distance traveled in OF task. C) The graph shows the results of the working memory 

in the AYM task, as percentage of correct alternation. D) Anxiety was assessed measuring 

percentage of time spent in the close arm in EZM. E) Memory was measured in SYM expressed 

as percentage of time spent in the novel arm. (Bars represent the means ± S.E.M per group N=10-

20(two-way ANOVA, Bonferroni correction, *significant treatment effect, p < 0.05). 
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Figure 4. AAV-CERTL reduces Cer d18:1/16:0 and increases sphingomyelin species in the 

cortex. A) Sphingolipids levels were measured in the cortex by HPLC-MS/MS. Ceramides were 

classified based on acyl chain number of carbons (Cer d18:1/16:0, Cer d18:1/18:0, Cer 

d18:1/18:1, Cer d18:1/20:0, Cer d18:1/22:0 and Cer d18:1/24:1). as well as sphingomyelin (SM 

d18:1/16:0, SM d18:1/18:0, SM d18:1/18:1, SM d18:1/20:0, SM d18:1/22:0 and SM d18:1/24:1). 

Ceramides levels were expressed as pg / mg tissue while sphingomyelins were expressed as 

pmol / mg tissue. Bars represent the mean ± S.E.M per group N=5-12 (two-way ANOVA, 

Bonferroni correction, significant effects, *p< 0.05; **p<0.01; ***p<0.001).  
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Figure 5. Neuronal increase of CERTL reduces Aβ by decreasing APP cleavage. A) 

Representative photomicrographs of sagittal brain sections imaging the motor sensory cortex (M1 

and M2) stained for nuclei in blue and Aβ plaques in green. All photomicrographs were exposed 

and processed identically, scale bar represent 200 and 50 μm (from right to left). B) 

Immunofluorescent quantification of plaques measured by percentage of area, plaques counts / 
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mm2. C) Frequency distribution of plaques based on size (10-25 µm) (Errors bars represent +/- 

SEM of 4-6 animals per experimental condition, two-way ANOVA, Bonferroni correction, 

significant effects, *p< 0.05; **p<0.01). D) Aβ quantification in three extraction buffers, BS, TBS-

T and formic acid (FA) by ELISA showed that Aβ was significantly reduced in the soluble fractions 

in the cortex but not in the insoluble fraction (student′s t‐test *p<0.05). E) Western blot analysis of 

TBS cortex homogenate stained with 6E10 antibody showed that ratios of amyloid Aβ / FL-APP 

and Aβ / CTFβ are reduced while CTFβ / FL-APP is increased in AAV-CERTL treated animals 

while CTFβ / FL-APP is increased. Errors bars represent +/- SEM of 5 animals per experimental 

condition (student′s t‐test *p<0.05; **p<0.01). (Full length amyloid precursor protein = FL-APP; 

amyloid-β peptide = Aβ; C-Terminal fragment β = CFTβ). Western blot membranes are shown in 

Supplementary figure 5. 

  



114 
 

 

Figure 6. AAV-CERTL reduces microglia reactivity to Iba1 and CD86 expression levels but 

has no effect on cytokines and GFAP immunoreactivity in cortex of 5xFAD mice. 

Immunofluorescent staining of Iba1 was performed on sagittal brain sections at different lateral 
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depth (6-9 sections per animal). A) Representative photomicrographs of Iba1 staining in the 

cortical motor sensory region of 5xFAD animals treated with AAV-control or AAV-CERTL (Scale 

bar 20µm). B) Densitometric analysis of Iba1 staining represented as percentage of area (AAV-

control n=6 and AAV-CERTL n=4 for WT and 5xFAD groups). C) Analysis of gene expression of 

membrane markers CD86 and Fizz-1 (4-5 number of animals per group). D) Cytokines 

measurements in brain homogenate with multiplex system IFN-γ, IL-1β, TNF-α, IL-6, IL-33, IL-4 

and IL-10 (5-10 number of animals per group). Immunofluorescent staining of GFAP on sagittal 

brain sections at different lateral depth (6-9 sections per animal). A) Representative 

photomicrographs of the cortical motor sensory region of 5xFAD animals treated with AAV-control 

or AAV-CERTL (Scale bar 50 µm). B) Densitometric analysis of GFAP staining represented as 

percentage of area (AAV-control n=6 and AAV-CERTL n= 4 for WT and 5xFAD groups). Bars 

represent the mean ± S.E.M per group (two-way ANOVA, Bonferroni correction, significant 

effects, *p< 0.05; **p<0.01; ***p<0.001).   
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Schematic model of CERTL action in AD. A) CERTL concentration is decreased in AD neuronal 

cells. Consequently, the transport of Cer to the Golgi is impaired and Cer accumulates in the cell. 

Cer elevation stabilizes and favors the secretases activity. The amyloidogenic APP processing is 

favored and Aβ is produced. The neighboring microglia changes the resting status to activate.  B) 

By overexpressing CERTL the physiological transfer of Cer from the ER to the Golgi is restored 

favoring SM synthesis which is intensified. The reduction of Cer levels in neuronal cells diminished 

secretases activity, reducing Aβ biogenesis. The interaction between CERTL and APP may be 
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important in stabilizing APP in the membrane and in protecting APP from secretase activity. 

Furthermore CERTL affects Aβ fibrilization by organizing Aβ into less neurotoxic aggregates that 

may be cleared from the brain more easily and number of activated microglia lowers. 
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Supplementary methods 

Gene  GenBank Accession No.  Sequence (5'->3')   

Bax XM_011250780.2  CACCTGAGCTGACCTTGGAG  Forward 
  

CCACGTCAGCAATCATCCTCT Reverse 

Caspase 3  NM_009810  TGCAGCATGCTAAGCTGTA Forward 
  

GAGCATGGACAATACACG Reverse 

Bcl-2  NM_009741  TGGGATGCCTTTGTGGAACT Forward 
  

GAGACAGCCAGGAGAAATCA Reverse 

CERTL NM_023420.2  ATGTTCACAGATTCAGCTCCC Forward 
  

CTTCTTCAACAACCAGTTGCC Reverse 

CERT XM_011244694.2  CAGGATGTAGGTGGTGATGC Forward 
  

CACCTTTAACTGCATGAGTAGC Reverse 

GAPDH XM_017321385.1 CTCATGACCACAGTCCATGC Forward 
  

TTCAGCTCTGGGATGACCTT Reverse 

Actin NM_007393.5  CTCTCAGCTGTGGTGGTGAA Forward 
  

AGCCATGTACGTAGCCATCC Reverse 

CD86 NM_019388.3 GGGCTTGGCAATCCTTATCT Forward 
  

ACCAACTTTTGCTGGTCCTG Reverse 

Fizz-1 NM_020509.3 GGAACTTCTTGCCAATCCAG Forward 
  

ACACCCAGTAGCAGTCATCCC Reverse 

Supplementary table 1. RT-PCR primer sequences 

Nanoparticle Tracking Analysis (NTA). NTA measurements for quantification of exosome 

numbers by measuring the rate of Brownian movement were performed with a NanoSight LM20 

(NanoSight, Amesbury, United Kingdom) at room-temperature according to the manufacturer’s 

protocol. HEK APP cells and HEK wt cells were plated on 6 well plates at similar density and 

grown for 24 hours in full medium. After 24 hours cells were washed 3 times with HBSS and 

incubated in serum-free medium for 16 hours. The medium was then injected into the NTA 

chamber and the number of exosomes per volume was measured by fast video capture and 

particle-tracking software. The exosome-producing cells were lysed into equal amounts of 1% 

CHAPS TE buffer as described above. Protein concentrations were determined by Bradford 

analysis to allow adjustment of exosome concentration to the number of producing cells. 

Far Western blot. For far Western experiments, human recombinant CERTL (hCERTL, 1875bp 

NP_005704.1) (80ng), produced as previously described [27], and Aβ peptide 1-42 (80ng) 

https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=1039777052
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=255982522
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=1039744052
https://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=nucleotide&id=930945786
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(Anaspec) were analyzed by SDSPAGE under reducing conditions. A 17kDa Lama antibody 

fragment (H6) with myc and hist6 tags (a kind gift of Dr A.J. Groot), was used as a negative control 

(80ng). Proteins were transferred to nitrocellulose membranes renatured in Tris-buffered saline 

(TBS) in the presence of Tween20 (0.05%) and probed for 1 hour at 37°C with 30µg/mL of CERTL 

or Aβ peptide in the same buffer. Bound complexes were detected using polyclonal rabbit anti-

CERTs (epitope 1-50 of human CERTs, Bethyl Laboratories), mouse anti-Aβ mAb 6E10 

(Covance) and mouse mAb anti-human c-Myc (clone 9E10, Invitrogen). Finally, incubation with 

secondary goat anti-rabbit IRdye 800 and donkey anti-mouse IRdye 680 (Rockland 

Immunochemicals) was followed as described above. 

Neuronal primary cell culture. Rat hippocampal neuronal cultures were prepared as reported 

elsewhere [81]. In brief, embryos from pregnant Wistar rats (Charles River) were removed on 

embryonic day 18. After removing the meninges, the hippocampi were insolated under the lupa 

preserved in hibernate medium. Subsequently they were incubated with trypsin for 20 minutes at 

37 ºC. Hippocampus were then transfer to a tube with DMEM complete medium. With a sterile 

glass pipette, the cells were disbanded doing up and down until the tissue was 

disaggregate/disintegrated and homogeneous. Cells were plated at ~80,000 cell/ 35mm Ø plate 

containing coverslips and incubated in Neurobasal medium (supplemented with B27) (Thermo 

Fisher Scientific) for 2-3 weeks. Medium was partially exchanged 24 hours after and then once a 

week.  

Enzyme-linked immunoassay for CERTs detection. CERTs were quantified by ELISA. In brief, 

microplates were coated with 100 μL of polyclonal rabbit 01 (2,46 mg/mL) diluted 1:1000 using 

coating buffer (50 mM carbonate pH 9.6), sealed with a plastic sticker and incubated for 1 h at 

37ºC. To build up the standard curve serial dilutions of recombinant CERTs, produced as 

previously explained [27], were diluted in 10% BSA, 0.02% Tween-20 in PBS. Biotinylated 

polyclonal rabbit anti-CERTs 02, was used as detection antibody diluted 1:500 in 1% BSA and 
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0.02% Tween-20 in PBS and incubated for 1 h at 37 ºC. Blocking, washes and absorbance were 

performed as described in method sections immunoassays. 
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Supplementary figures 

 

Supplementary figure 1. CERTs concentration in WT compared to 5xFAD and evidence of 

CERTL transduction in vitro and in vivo. A) CERTs quantification in cortex homogenate by 
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ELISA expressed in ng / mg total proteins (N=11-12 mean+SEM, student’s t-test, * p<0.05). B) 

AAVs transduction on neuronal primary cell culture. Neonatal rat neuronal cells were isolated 

from the cortex of pups at embryonic day 18. After 2-3 weeks in Neurobasal medium were 

incubated with AAVs particles at the dose of 100 multiplicity of infection (MOI) for 6 days. CERTL 

was visualized in red and nuclei in blue. C) Timeline describing the experimental design to assess 

transduction efficiency in vivo. D) AAVs were tested for brain transduction in WT animals 1, 2, 6- 

and 12-weeks post injection by qPCR. E) CERTs were visualized in red and nuclei in blue by 

immunofluorescence staining on brain sections.  
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Supplementary figure 2. Immunostaining of CERTL in the brain and analysis of CERTL Aβ 

interaction by far Western blot. A) Immuno-fluorescent staining of CERTs and CERTL on 

different part of the mouse brain: cerebellum, cortex hippocampus prefrontal cortex and thalamus. 
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CERTL staining is stronger in the plasma membrane. B-C) Light microscopy images of neurons 

in the hippocampus (CA2 region) showed that CERTL staining was strong in the plasma 

membrane. Scale bars in A 200 µM, in B 80 µM in C 20 µM and in D 10 µM. D-E) Far-Western 

blot analysis of CERTL and IgG (negative control) interaction with Aβ1-42 peptide and a 17 kDa 

Lama antibody fragment (H6) (negative control). F) Exosome concentrations in particles/ml in the 

medium of APP HEK and HEK cells (N=6, mean+SEM, student’s t-test, * p<0.05). 
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Supplementary figure 3. Sphingolipid changes in the hippocampus region. Sphingolipids 

levels were measured in the hippocampus by HPLC-MS/MS. Ceramides were classified based 

on acyl chain number of carbons (Cer d18:1/16:0, Cer d18:1/18:0, Cer d18:1/18:1, Cer 

d18:1/20:0, Cer d18:1/22:0 and Cer d18:1/24:1). as well as sphingomyelin (SM d18:1/16:0, SM 

d18:1/18:0, SM d18:1/18:1, SM d18:1/20:0, SM d18:1/22:0 and SM d18:1/24:1). Ceramides levels 

were expressed as pg / mg tissue while sphingomyelins were expressed as pmol / mg tissue. 

Bars represent the mean ± S.E.M per group (Two-way ANOVA, Bonferroni correction, significant 

effects, *p< 0.05; **p<0.01; ***p<0.001). 
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Supplementary figure 4. Sphingolipid changes in plasma. Plasma was collected 1 week 

before AAV injection (time1), 2 (time 2) and 6 (time 3) weeks after injection when the experiment 

was ended (time 4). Sphingolipids levels were measured at each time point by HPLC-MS/MS. 
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Ceramides were classified based on acyl chain number of carbons (Cer d18:1/16:0, Cer 

d18:1/18:0, Cer d18:1/18:1, Cer d18:1/20:0, Cer d18:1/22:0 and Cer d18:1/24:1). Ceramides 

concentration is expressed in µ Molarity. Bars represent the mean ± S.E.M per group (Two-way 

ANOVA, Bonferroni correction, significant effects, WT AAV-control vs 5xFAD AAV-CERTL 

§p<0.05; 5xFAD AAV-control vs 5xFAD AAV-CERTL *p<0.05). 
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Supplementary figure 5. Western blot analysis of APP fragments to study APP processing. 

TBS cortex homogenate were analyzed by Western blot FL-APP, CTFβ and Aβ bands were 

detected with 6E10 antibody at the band corresponding to respectively of 100, 15 and 6-4kDa. 
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Supplementary figure 6. Apoptotic markers Bcl-2 and Caspase 3 were unaffected by AAV-

CERTL treatment or genotype. Analysis of gene expression of apoptotic markers Bcl-2 and 

Caspase-3 (4-5 number of animals per group, two-way ANOVA, Bonferroni correction). 
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Abstract 

Apolipoprotein ɛ4 (APOE)4 is a strong risk factor for the development of Alzheimer’s disease 

(AD) and aberrant sphingolipid levels have been implicated in AD. We assessed the effect of 

APOE4 genotype, sex and age on sphingolipid levels of mice with and without AD. 

Selected sphingolipids were analysed by LC-MSMS in cortex, hippocampus, cerebellum, and 

plasma of <3 months and >6 months old human APOE3 and APOE4 knock-in mice with or 

without AD background of both sexes (n = 7-10 per group). 

Irrespective of other parameters, APOE4 mice showed higher Cer(d18:1/24:0) levels in the 

cortex (1.4 fold, p=0.001) and lower SM(d18:1/16:0) levels in the hippocampus (1.4 fold, 

p=0.008) than APOE3 mice. Mice with AD background showed higher levels of 

Cer(d18:1/24:1), SM(d18:1/24:0), and SM(d18:1/24:1) in the cortex than mice without (1.5 – 

1.7 fold, all p<0.004). Older mice displayed higher brain S1P and SM levels than young mice 

(1.1 – 2.0 fold, p<0.002). Sphingolipid levels were lower in the hippocampus (3.7 – 10.9 fold, 

all p<0.001), but higher in the cortex (5.6 – 23.6 fold, p<0.001) of female than of male mice. 

Sex effects on cerebellum and plasma sphingolipids depended on acyl chain length (9.5 fold 

lower to 12.2 fold higher, p<0.013). In females, cortex (r = -0.53 [-0.71, -0.32], p<0.001) and 

hippocampal (r = -0.54 [-0.70, -0.35], p<0.001) S1P levels correlated with plasma levels. 

APOE genotype minimally, but sex notably, affected murine brain sphingolipid profiles. 

Differences in impact on AD neuropathology in men and women remain to be investigated. 

The correlation between cortex and hippocampal S1P levels and plasma levels render plasma 

S1P a proxy for alterations in female brain sphingolipid metabolism. 

 

Keywords: Sphingolipids, Apolipoprotein E, Alzheimer disease, neurodegeneration, ageing, 

sex-dependent, liquid chromatography/mass spectrometry 
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Introduction 

Alzheimer’s disease (AD) is the most common cause of late-onset dementia with a current 

prevalence of 50 million cases worldwide [1]. It is a progressive neurodegenerative disorder 

characterized by a gradual loss of memory and other cognitive functions. Less than 3% of AD 

is early onset, caused by mutations including those in the APP, PS1 or PS2 genes [2-4]. There 

is no single cause for late-onset, sporadic AD, but important risk factors are aging and being 

female [5]. A major genetic risk factor for sporadic AD is the ε4 allele of the APOE gene 

encoding for apolipoprotein (Apo)E4 in comparison to the other APOE isoforms, ε2 and ε3 [6, 

7]. Compared to the general population, individuals heterozygous for APOE4 have a ~3-fold 

higher risk of developing AD, and homozygous APOE4 individuals have a ~15-fold increased 

risk [8, 9]. How ApoE4 affects AD development remains to be clarified.  

ApoE is best known for its role in peripheral lipid trafficking, and there is evidence supporting 

a similar role for ApoE in the brain [10]. Glial cells are the predominant source of brain ApoE 

and secrete it associated with lipids [11, 12]. Brain lipid homeostasis is strictly regulated [13, 

14]. Imbalances in brain lipid homeostasis are associated with mental retardation and with 

neurodegenerative disease [15, 16] and possibly also with AD. Deletion of murine Apoe or 

replacement with human APOE4 leads to a dysfunctional cerebrovascular unit [17, 18], which 

may affect lipid trafficking across the blood-brain barrier. Such a disturbance in brain lipid 

homeostasis by APOE4 may accelerate the pathogenesis of AD.  

Recently, alterations in brain and plasma sphingolipid homeostasis were observed in patients 

with cognitive impairment and patients with AD [19-23]. Sphingolipids consist of a sphingosine 

backbone, coupled to various head groups and an acyl chain that differs in length. Next to their 

role as plasma membrane components [24], sphingolipids are involved in neuronal plasticity 

[25], neurogenesis [24, 26], and inflammation [27, 28]. Ceramides are the central hub of 

sphingolipid metabolism and are derived via de novo synthesis or via the salvage pathway 

from the degradation of more complex sphingolipids. Low ceramide levels promote neuronal 

cell growth, development, survival and division [26, 29, 30], while high levels may cause 

(neuronal) cell death [31-33]. Sphingomyelins, which are an important source of ceramide, 
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supports brain myelination and are critical in the formation of lipid rafts [34, 35]. Sphingosine-

1-phospate (S1P) is formed in a reversible process from ceramide. S1P is an important 

signalling molecule that regulates cell survival, differentiation and immunity [28]. The balance 

between ceramide and S1P is considered a major determinant of cell survival and death [36]. 

Besides different head groups, acyl chain length is an important determinant of sphingolipid 

function. Sphingolipids with long chains (C16:0) increase apoptosis, while very-long chains 

(C22:0-C24:0/C24:1) offer partial protection from apoptosis [37]. In addition the ratio between 

saturated (i.e. C24:0) and unsaturated (i.e. C24:1) acyl chains affects plasma membrane 

properties, thereby affecting signal transduction, membrane fusion, and cellular integrity [38, 

39]. 

The effect of APOE4 on cholesterol and phospholipid homeostasis in the brain has been 

reported, but little attention has been paid, so far, to its relation with sphingolipid homeostasis. 

Minor differences in total ceramide levels were found between APOE4, APOE3, and APOE2 

knock-in mice [40, 41]. In patients with late-onset AD, APOE4 was associated with lower SM 

and higher ceramide levels, but this was not observed in healthy controls [42, 43]. Therefore, 

we aimed at investigating the modulatory effect of APOE genotype on brain sphingolipid 

homeostasis, in the context of AD pathology. To this end, we assessed brain and plasma 

sphingolipid profiles in APOE4 and APOE3 transgenic mice with or without five familial AD 

mutations (FAD; K670N/M671L, I716V, and V717I in the APP gene and M146L and L286V in 

the PS1 gene) [44-46]. The mice with the FAD mutations develop an AD phenotype, including 

Aß accumulation, neuroinflammation, and cognitive impairment, from as early as 4 months of 

age [46, 47]. Therefore, sphingolipids were analysed in different brain regions of mice younger 

than 3 months and older than 6 months. As sex potentially modulates AD incidence [48, 49] 

and pathology [50, 51] female and male mice were examined. 
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Results 

Overall effect of APOE4 genotype, FAD mutations, age, and sex on S1P, ceramide and SM 

levels.  

The effect of APOE genotype, FAD mutations, age, and sex on sphingolipid levels in the 

hippocampus, cortex, cerebellum and plasma of mice is described in table 1. When examining 

the overall differences in total and specific sphingolipid levels among the 16 groups, we noticed 

that the effect of sex was much stronger than the effect of APOE genotype, AD genotype or 

age. In addition, there was very limited interaction between these four independent parameters 

(supplementary tables S4 till S7). This allowed us to study the effect of each parameter 

separately and independently. 

Limited effects of APOE genotype on sphingolipid profiles in brain and plasma 

Only few sphingolipid levels differed significantly between APOE4 and APOE3 mice in the 

three brain regions or in plasma. In cortex, ceramide levels were higher in APOE4 than in 

APOE3 carriers (1.2 fold, p<.001), mainly due to higher Cer(d18:1/24:0) levels (1.4 fold, 

p=.001). In plasma, ceramide levels were also higher in APOE4 than in APOE3 carriers (1.1 

fold, p<.001), mainly due to higher Cer(d18:1/20:0) levels (1.4 fold, p=.008). Hippocampus SM 

levels were lower in APOE4 than in APOE3 carriers (1.5 fold, p<.001), mainly due to lower 

SM(d18:1/16:0) levels (3.0 fold, p=.003). In contrast, plasma SM levels are higher in APOE4 

than in APOE3 carriers (1.1 fold, p<.001), mainly due to higher SM(d18:1/18:0) and 

SM(d18:1/18:1) levels (1.2 fold, both p<.003).  

Limited effects of FAD mutations on sphingolipid profiles in brain and plasma 

Only few sphingolipids in mice with the FAD mutations differed from those in mice without 

these mutations in either brain region or plasma. In the cortex, Cer(d18:1/24:1) levels were 

higher in mice with than in mice without the FAD mutations (1.5 fold, p=.003). SM(d18:1/24:0) 

and SM(d18:1/24:1) levels were also higher in the cortex of mice with than in mice without the 

FAD mutations (1.6 – 1.7 fold, both p<.004).  
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Limited effects of age on sphingolipid profiles in brain and plasma  

S1P(d18:1) levels were higher in the hippocampus, cortex, and cerebellum of older than of 

younger mice (1.6 – 1.8 fold, all p<.001), while there were no differences in plasma. Overall, 

brain ceramide levels were lower in older than in young mice (1.1 – 2.0 fold, all p<.002). Overall 

plasma ceramide levels were also lower in older than in young mice (2.7 fold, p<.001), which 

was due to lower levels of most individual ceramides (2.6 – 4.2 fold, all p<.021). Brain SM 

levels were higher in older than in young mice (1.1 – 1.2 fold, all p<.002). In the hippocampus 

this was due to higher levels of SM(d18:1/16:0), SM(d18:1/22:0), and SM(d18:1/24:1) (1.2 – 

1.3 fold, all p<.004), in the cortex due to higher levels of SM(d18:1/18:0) (1.2 fold, p<.001) and 

in the cerebellum due to higher levels of SM(d18:1/16:0) (1.5 fold, p<.001). Overall, plasma 

SM levels were higher in older than in younger mice (1.1 fold, p=.003), which was mostly due 

to higher levels of SM(d18:1/22:0) (1.3 fold, p=.010), despite slightly lower levels of 

SM(d18:1/18:0) and SM(d18:1/18:1) (0.9 fold, both p<.010). 

Effects of sex on sphingolipid profiles in brain and plasma  

In the cerebellum S1P(d18:1) levels were higher in female than in male mice (1.9 fold, p<.001), 

while levels did not differ in the hippocampus, cortex, and in plasma. Overall hippocampal 

ceramide levels were slightly higher in female than in male mice (1.1 fold, p<.001). However, 

levels of most individual ceramide species were lower in female than in male mice (3.7 – 10.9 

fold, all p<.001), except for Cer(d18:1/24:0) levels (4.2 fold higher, p<.001). Overall cortex 

ceramide levels were higher in female than in male mice (9.9 fold, p<.001). Most individual 

ceramide species were also higher (5.6 – 23.6 fold, all p<.001), except for Cer(d18:1/24:0) 

which was lower (4.2 fold, p<.001). Overall cerebellum ceramide levels were higher in female 

than in male mice (2.7 fold p<.001). In cerebellum, most individual ceramide species were also 

higher in females (1.3 – 12.2 fold, all p<.001), except for Cer(d18:1/24:1) which was 9.5 fold 

lower (p<.001). Overall plasma ceramide levels were lower in female than in male mice (2.2 

fold, p<.001), mostly due to lower Cer(d18:1/22:0) and Cer(d18:1/24:1) levels (6.0 – 9.5 fold, 

both p<.001). However Cer(d18:1/18:0) levels were higher (1.3 fold, p<.001).  



136 
 

Total hippocampal SM levels were lower in female than in male mice (4.2 fold, p<.001), as 

were most individual SM species (2.8 – 7.3 fold, all p<.002), except for SM(d18:1/24:0) which 

was similar in both sexes. Overall cortex SM levels were higher in female than in male mice 

(4.9 fold, p<.001), as were all individual SM species (2.1 – 14.0 fold, all p<.001). Overall 

cerebellum SM levels were lower in female than in male mice (2.7 fold, p<.001), as were most 

individual SM species (2.5 – 5.1 fold, all p<.001). However, SM(d18:1/24:0) was higher (1.5 

fold, p=.005). Overall plasma SM levels were lower in female than in male mice (1.5 fold, 

p<.001), as were most individual SM species (2.2 – 6.6 fold, all p<.014), but SM(d18:1/18:0), 

and SM(d18:1/18:1) levels were higher (1.3 – 1.6 fold, both p<.001).  

Effect of APOE4 genotype, FAD mutations, age, and sex on ceramide and SM acyl chain 

length distribution 

As ceramide and SM acyl chain composition may affect sphingolipid function, especially the 

ratio between sphingolipids with long (C14:0, C16:0, C18:0 and C20:0) and very-long (C22:0, 

C24:0, and C24:1) acyl groups, we examined the acyl chain length distribution in further detail. 

However, the effects of APOE genotype, FAD mutations, age and sex on ceramide and SM 

acyl chain length distribution were in line with the results on absolute levels (supplementary 

table 3). 

Cortex and hippocampus S1P levels correlate with plasma levels in female mice 

In female mice, plasma S1P(d18:1) levels were negatively associated with those in cortex  (r 

= -0.53, [-0.71, -0.32], p <.001) and hippocampus (r = -0.54, [-0.70, -0.35], p <.001), regardless 

of age, APOE genotype and presence of FAD mutations. In male mice, no correlation was 

found between S1P, ceramide, and SM levels in plasma and any of the brain regions analysed.  
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Discussion 

This explorative study revealed that APOE genotype, FAD mutations, and age affect brain and 

plasma sphingolipids to a limited extent, while sex unexpectedly had a profound effect. Despite 

the effects of APOE4 on sphingolipid levels being limited at a relatively young age, they might 

represent an early sign of neuroinflammation that may be further exacerbated upon ageing. 

The profound effects of sex on sphingolipids may provide an avenue to further explore sex-

specific mechanisms contributing to AD progression in men and women.  

Although, the ε4 allele of the APOE gene is the strongest genetic risk factor for the 

development of late-onset AD, the underlying mechanisms contributing to disease progression 

remain to be established. So far, no major effect of APOE genotype on the homeostasis of 

lipids, such as sterols, phospholipids, or fatty acids has been observed [52-54]. However, 

differences in lipidation between ApoE4 and ApoE3 secreted by astrocytes have been 

detected, also in AD. Differences in lipidation potentially affect the Aß clearance from the brain 

[55, 56]. Our data show only minor modulatory effects of the APOE genotype on sphingolipid 

homeostasis within the limitations of the age window of the mice examined. We found 

SM(d18:1/16:0) levels to be lower in the hippocampus and Cer(d18:1/24:0) levels to be higher 

in the cortex of APOE4 mice irrespective of sex, age, and FAD mutations. Minor differences in 

total ceramide and SM levels in whole brain and plasma of male APOE3 and APOE4 knock-in 

mice with a wild-type background have been reported [41]. In contrast to the present findings, 

we previously reported lower ceramide levels in the brain of >15 months old APOE4 knock-in 

mice compared to wild-type mice [40]. This suggests that an effect of APOE genotype on 

sphingolipids becomes apparent in aged animals. In sporadic late-onset AD patients carrying 

APOE4, similar to our observations, lower levels of SM and higher levels of ceramide were 

found in the middle frontal gyrus than in those carrying APOE3. However, such an effect was 

not observed in healthy controls [42]. Furthermore, high SM levels in plasma were associated 

with a reduced risk of late-onset AD development, especially in APOE4 carriers [22]. Taken 

together, these results suggests a subtle effect of APOE genotype on sphingolipids in young 

mice, that may be further exacerbated during aging.  
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We observed minor effects of the FAD mutations on brain and plasma sphingolipids. Our 

observations that mice with the FAD mutations show higher levels of Cer(d18:1/24:1), 

SM(d18:1/24:0) and SM(d18:1/24:0) in the cortex than mice without the mutations are in line 

with previously reported data showing higher levels of Cer(d18:1/24:1) in the cortex of the 

APP(SL)/PS1 knock-in AD mouse model [57]. Ceramides have been suggested to play a role 

in neuroinflammatory processes, as occurring in neurodegenerative diseases like AD. In 

reactive astrocytes of patients with late-onset AD, frontotemporal lobar dementia, and capillary 

cerebral amyloid angiopathy both high ceramide levels and an increased expression of 

ceramide synthase 5, the enzyme responsible for Cer(d18:1/16:0) production, were observed 

[58-60]. Additionally, in individuals with a parental history of late-onset AD, cerebral spinal fluid 

ceramide and SM levels correlated with Aß and T-tau levels [21]. Previous studies in patients 

with MCI or AD that showed a link with sphingolipid metabolism [19, 20, 61, 62] have all been 

performed in middle aged or aged patients with sporadic AD, but not familial AD, for which our 

mice with FAD mutations are a model.  

Effects of aging on sphingolipid profiles have previously been reported. Age-related increases 

in ceramide and sphingomyelin levels and a decrease in S1P were detected in the 

hippocampus of cognitively normal individuals of 65 years or older [43, 63]. In line with these 

observations, Cutler et al. observed a subtle increase in Cer(d18:1/24:0) levels in the cortex of 

6 months old compared to 3 months old wild-type mice, which further increased in 25 months 

old mice [63]. Wild-type rats and mice displayed an accumulation of ceramide with ageing in 

both the cortex and hippocampus [64, 65], as did APPSL/PS1 mice at >12 months and >21 

months old in the cortex [57]. In contrast, we observe a modest increase in S1P and a modest 

decrease in ceramides in all brain regions at 6 months old, irrespective of APOE genotype, 

FAD mutations, and sex. However, the previously reported increases in ceramides were mostly 

in mice that were almost twice as old than the oldest mice used in this study and might not 

have happened yet in our mice at this time. Interestingly, in female mice, S1P levels in the 

cortex and hippocampus were found to negatively correlate with levels in plasma. S1P has 
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been suggested to modulate synaptic strength [66] and increased S1P levels in combination 

with the higher Aß42 levels may affect synaptic function during the progression of AD. 

So far little has been reported on sex-specific effects on sphingolipid levels in the brain of mice. 

Previous studies revealed, sex-specific differences in sphingolipid levels in the cortex of 

APPSL/PS1 mice, but not in PS1 mice [57]. Female APPSL/PS1 mice display lower levels of 

non-hydroxy fatty acid ceramides (ceramides without a double bond in the acyl chain, i.e. 

Cer(d18:1/24:0)) and higher levels of 2-hydroxy fatty acid ceramides (ceramides with one 

double bond in the acyl chain, Cer(d18:1/24:1)) than male mice in the cortex at both 3 and 6 

months old [57]. In contrast with these data, we found higher levels of non-hydroxy fatty acid 

ceramides and lower levels of 2-hydroxy fatty acid ceramides in the cortex of the female mice 

compared to male mice. This discrepancy in results might be due to the differences in the 

background of the mice (APOEx: 100% C57BL/6; ExFAD: 87.5% C57BL/6, 12.5% B6xSJL; 

APPSL/PS1: 50% C57BL/6, 25% CBA, 25% 129SV [67]). Sex-dependent effects on 

sphingolipid levels were also previously reported for human hippocampus [43] and human 

plasma [22]. Only in men did age positively correlate with sphingolipid levels in the 

hippocampus [43]. The relation between plasma sphingolipids and the risk of late-onset AD 

was found to differ between men and women; in men, high plasma ceramide levels correlated 

with an increased risk for AD, while in women, low plasma sphingomyelin levels were 

correlated with an increased risk [22]. The differences in sphingolipids between sexes might 

provide insight into metabolism-related differences between men and women and underline 

the importance of the use of both sexes in future studies.  

There are several limitations in this study. First, the mice used in this study are a model for 

familial (early-onset) AD as a result of the introduction of five well-characterized familial AD 

mutations, while most studies reporting a link between sphingolipid levels and AD were 

performed in patients with sporadic late-onset AD. However, the EFAD mouse model develops 

an AD phenotype, including Aß deposition, neuroinflammation, and cognitive impairment [46, 

47], suggesting that the underlying processes are, at least partly, similar to those observed in 

human early onset AD patients. Another limitation of this study is the relatively young age of 
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the mice used. Even though the older mice with the FAD mutations show increased Aß42 

levels, the mice were still relatively young at this point. Senescent effects of aging in mice are 

generally not observed before the age of 10 months when they are considered middle aged 

[68, 69]. Despite their age, we did observe changes in sphingolipid levels in the mice with FAD 

mutations, before they exhibit strong signs of AD. Alteration in sphingolipid metabolism in 

young mice due to APOE genotype, aging, or sex  would suggest these can contribute to the 

development of AD. 

In conclusion, our data shows subtle effects of APOE genotype on very-long chain 

sphingolipids, which might represent an early sign of neuroinflammation that may worsen with 

ageing. Unexpectedly, sex showed profound effects on brain sphingolipid levels, in particular 

in the cortex, and in plasma. How these brain sphingolipid profiles may differently affect the 

mechanisms contributing to AD pathology in men and women remains to be further examined. 

S1P levels in the brain of female mice were affected by age and appear to correlate with 

plasma levels. Therefore, plasma S1P might be an interesting target for future investigation as 

a potential biomarker indicating alterations in brain sphingolipid metabolism, and to explore if 

these are related to the progression of neurodegenerative processes. 
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Experimental procedures 

Animals  

Transgenic APOE3, E3FAD, APOE4, and E4FAD mice were purchased from Dr. Mary Jo LaDu 

(University of Illinois at Chicago) and have been fully characterized by Youmans et al [45, 46]. 

Colonies of the mice were maintained at Maastricht University. Young (< 3 months, (2.1-2.6 

months old)) and older (> 6 months (5.4-14.3 months old)) male and female mice of all 4 

genotypes were included in this study. Animals were housed socially on a reverse 12-hour 

day-night cycle under standardized environmental conditions (ambient temperature 20 ± 1 °C; 

humidity 40-60%, background noise, cage enrichment) at the central animal facility of 

Maastricht University and had ad libitum access to food and water. All experiments were 

approved by the Animal Welfare Committee of Maastricht University and were performed 

according to Dutch federal regulations for animal protection.  

In total 145 mice were used. Animals were sacrificed by CO2 inhalation before 3 months or 

after 6 months of age. Blood was collected from 122 animals (84%) in a Microvette® CB 300 

LH tube (Sarstedt group) and subsequently centrifuged (2000 g, 4 °C, 10 min) to isolate 

plasma, which was stored at -80 °C until analysis. From all animals the brain was removed, 

cut through the midline sagittal section, snap frozen in liquid nitrogen, and stored at -80 °C 

until analysis. Before sphingolipid analysis, brain hemispheres were dissected into cortex, 

hippocampus, and cerebellum on ice and samples were powdered on dry ice and stored at -

80 °C until analysis. Groups consisted of 7-10 animals for brain analysis and of 4-10 animals 

for plasma analysis (supplementary table ST1). 

Sphingolipid analysis 

Lipid extraction 

Sphingolipids were extracted as described [58, 59]. In short, frozen tissue samples were 

weighed and homogenized in cold purified Millipore water (MQ, 18.2 MΩ cm) from a Milli-Q® 

PF Plus system (Millipore B.V., Amsterdam, the Netherlands). To the tissue homogenates and 

plasma samples, the internal standards CER-C17:0, Cer-C17:0/24:1, SM-C17 and S1P-D7 
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were added (2, 2, 10 and 0.2 µg/mL, respectively; Avanti Polar Lipids), and total lipids were 

extracted by adding 10% TEA solution (triethylamine (10/90, v/v) in MeOH/dichloromethane 

(DCM) (50/50, v/v)) followed by MeOH/DCM (50/50, v/v). Samples were vortexed and 

incubated under constant agitation for 30 minutes at 4 °C. After incubation, samples were 

centrifuged at 18500 g for 20 minutes at 4 °C (Hettich mikro 200r, UK). Supernatants were 

transferred to glass vials, freeze dried and reconstituted in MeOH before liquid 

chromatography-tandem mass spectrometry (LC-MSMS).  

LC-MSMS analysis 

An autosampler (Shimadzu, Kyoto, Japan) injected 10 µL brain lipid extracts or 5 µL plasma 

lipid extracts into a Shimadzu HPLC system (Shimadzu) equipped with a Kinetex C8 column 

(50 x 2.1 mm, 2.6 µm, Phenomenex, Maarssen, the Netherlands) at 30 °C using a linear 

gradient, starting from 95% mobile phase A (MQ/MeOH (50/50, v/v) containing 1.5 mM 

ammonium formate and 0.1% formic acid) for 2 minutes and increased to 93% mobile phase 

B (100% MeOH containing 1 mM ammonium formate and 0.1% formic acid) at 5.5 minutes. 

After 10 minutes the column was flushed with 99% mobile phase B for 2 minutes followed by 

a 2 minute re-equilibration. The flow rate was set at 0.25 ml/min and total run time was 14 

minutes. The effluent was directed to a Sciex Qtrap 5500 quadruple mass spectrometer (AB 

Sciex Inc., Thornhill, Ontario, Canada) and analysed in positive ion mode following 

electrospray ionization using multiple reaction monitoring. Detailed LC-MS/MS settings for 

each sphingolipid species are given in supplementary table 2. 

Nine-point calibration curves were constructed by plotting analyte to internal standard peak 

area ratios versus the corresponding analyte concentration Cer(d18:1/14:0), Cer(d18:1/16:0), 

Cer(d18:1/18:0), Cer(d18:1/20:0), Cer(d18:1/22:0), Cer(d18:1/24:1), Cer(d18:1/24:0), 

S1P(d18:1), SM(d18:1/16:0), SM(d18:1/18:1), SM(d18:1/18:0), SM(d18:1/22:0), 

SM(d18:1/24:1), SM(d18:1/24:0) (Avanti polar lipids, Alabaster, AL, USA; SM(d18:1/22:0) 

Matreya LLC, PA, USA). Correlation coefficients (R2) were > 0.99 and sphingolipid 

concentrations were determined from these standard curves based on sphingolipid species 
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acyl chain length. Instrument control and quantification of spectral data was performed using 

MultiQuant software (AB Sciex Inc.). Data for all brain regions is expressed as pmol/mg and 

plasma data is expressed as pmol/ml. 

Aß42 Enzyme-linked immunoassay (ELISA) 

The Aß42 ELISA was performed in 40 randomly selected E3FAD and E4FAD male and female 

mice of 3 and 6 months old to confirm the previously reported increase in Aß42 deposition with 

aging in E3FAD and E4FAD mice [44-46]. A three-step serial extraction of brain tissue was 

performed as described [46] to obtain a tris-buffered saline (TBS), TBS buffer containing 1% 

Triton-X (TBS-T), and formic acid (FA) soluble fraction from the hippocampus homogenates. 

Microplates Microlon/F-shape REF 655092 (Greiner) were coated with 1 µg / mL human 3D6 

[70] overnight at room temperature in coating buffer (sodium carbonate pH = 9.6 0.05 M 

NaCO3 in MQ water). After washing (washing buffer 0.05% tween-20 in sodium phosphate 

saline buffer), plates were blocked with 4% not fat dry milk and incubated with hippocampus 

fractions or with Aß to generate the standard curve. Next, plates were washed, incubated with 

50 ng/mL biotinylated human 20C2 [70], and washed again. Finally, plates were incubated with 

streptavidin-HRP (Jackson ImmunoResearch Laboratories, diluted 1:8000) and developed 

using 3,3',5,5'-tetramethylbenzidine. The reaction was stopped with 2 M H2SO4 and within 30 

minutes the absorption was measured at 450 nm using the Perkin Elmer 2030 manager 

system. 

Aß42 data are displayed as median ± interquartile range in pg / mg protein for the TBS and 

TBS-T fraction, and as median ± interquartile range in pg / mg tissue for the FA soluble fraction. 

Since data was not normally distributed, Mann-Whitney tests were used to identify differences 

related to age, sex, and APOE genotype. A significantly higher Aß42 concentration was 

detected in all isolated fractions of the hippocampus of the older than of the young EFAD mice 

(all p<.001; supplementary figure 1).  

Statistical analyses 

All outcome parameters were analysed with IBM SPSS Statistics version 24.0. For sphingolipid 

parameters Z-values were calculated and individual values that corresponded to a Z-value that 
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deviated more than 4 from the centre were considered outliers. OF all data points, 0.84% were 

excluded as outliers.  

Four main parameters, APOE genotype, FAD mutations, age, and sex, determined to which 

group mice were assigned, with a total of sixteen groups. A one-way ANOVA analysis between 

these groups was not feasible due to the high amount of groups and the relatively small group 

size. Therefore, a generalized linear model was used to assess the effects of APOE genotype, 

FAD mutations, age, and sex on sphingolipid levels and ceramide and sphingomyelin acyl 

chain length distribution. Ceramide and sphingomyelin acyl chain length distribution was 

calculated by dividing the levels of the individual species by the sum of all the variants 

measured. Since interaction between the four parameters proved minimal (supplementary 

table 4-8), only the main effects of the parameters were described. Univariate analysis was 

used to describe the effects of the four parameters on S1P(d18:1), while multivariate analysis 

was used to assess the effects on the individual ceramide and SM species. The Benjamini-

Hochberg procedure (false discover rate = .05) was used to correct for multiple testing [71]. 

Pearson’s test was used to assess the correlation between sphingolipid levels in plasma and 

brain regions in all female or male mice.   
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Tables 

Table 1: Effect of APOE genotype (APOE4 vs. APOE3), familial AD mutations (FAD vs. non FAD), age (>6 mo vs. <3 mo), and sex (♀ vs. ♂) on sphingolipid levels in 

hippocampus, cortex, cerebellum and in plasma of mice. Color-scale indicates the differences in sphingolipid levels; blue indicates up to 25-fold higher levels and red indicates 

up to 10-fold lower sphingolipid levels. P-values of significant differences after correction for multiple testing are indicated in the table, n.s.=non-significant. (n = 45 - 76 mice per 

group). 
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Supplemental data 

 

Supplementary figure 1: Soluble (left panel), detergent soluble (middle panel), and 

insoluble (right panel) A-42 concentration in the hippocampus of young (left) and older 

(right) male E3FAD (●), male E4FAD (■), female E3FAD (▲), and female E4FAD (♦) mice. 

Symbols indicate Aß42 values for individual mice. Vertical lines with symbol indicate 

interquartile range and median values for the young (left) or older (right) mice. (*** indicates p 

<.001; n=20 per group).  
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Supplementary table 1. Animals included in the study per group for brain and plasma 

analysis. The same animals were used for brain and plasma analysis. However, plasma was 

not obtained from all animals. 

F
e
m

a
le

 

Brain regions 

M
a
le

 

Brain regions 

  Age   Age 

Genotype 
Young  
(<3 months) 

Older 
(>6 months) 

Genotype 
Young  
(<3 months) 

Older  
(>6 months) 

ApoE3 9 9 ApoE3 10 9 

ApoE4 10 9 ApoE4 10 7 

E3FAD 9 10 E3FAD 8 7 

E4FAD 10 10 E4FAD 10 8 

Total 38 38 Total 38 31 

Plasma Plasma 

  Age   Age 

Genotype 
Young  
(<3 months) 

Older 
(>6 months) 

Genotype 
Young  
(<3 months) 

Older 
(>6 months) 

ApoE3 9 5 ApoE3 8 6 

ApoE4 10 7 ApoE4 10 4 

E3FAD 9 8 E3FAD 9 6 

E4FAD 9 6 E4FAD 10 6 

Total 37 26 Total 37 22 
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Supplementary table 2. LC-MSMS specifications 

Component MRM transition CE (volts) Internal standard 

Cer(d18:1/14:0) 510.6  264.2 30 Cer(d18:1/17:0) 

Cer(d18:1/16:0) 538.6 264.2 30 Cer(d18:1/17:0) 

Cer(d18:1/18:0) 566.6 264.2 30 Cer(d18:1/17:0) 

Cer(d18:1/20:0) 594.6264.2 30 Cer(d18:1/17:0) 

Cer(d18:1/22:0) 622.6264.2 35 Cer(d18:1/17:0) 

Cer(d18:1/24:0) 650.6264.2 40 Cer(d17:0/24:1) 

Cer(d18:1/24:1) 648.6264.2 40 Cer(d17:0/24:1) 

S1P(d18:1) 380.4264.2 20 S1P(d18:1)-D7 

SM(d18:1/16:0) 706.6186.2 40 SM(d18:1/17:0) 

SM(d18:1/18:0) 734.6186.2 40 SM(d18:1/17:0) 

SM(d18:1/20:0) 762.6 186.2 40 SM(d18:1/17:0) 

SM(d18:1/22:0) 790.6186.2 40 SM(d18:1/17:0) 

SM(d18:1/24:0) 818.6 186.2 47 SM(d18:1/17:0) 

SM(d18:1/24:1) 816.6186.2 47 SM(d18:1/17:0) 

S1P(d18:1)-D7 387.4 271.2 20  

Cer(d18;1/17:0) 552.6 264.2 30  

Cer(d17:0/24:1) 634.6 250.2 35  

SM(d18:1/17:0) 720.6 186.2 40  
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Supplementary table 3: Effect of APOE genotype (APOE4 vs. APOE3), familial AD mutations (FAD vs. non FAD), sex (♀ vs. 

♂), and age (>6 mo vs. <3 mo) on ceramide and SM acyl-chain distribution in the hippocampus, cortex, cerebellum and plasma 

of mice. Color-scale indicates the differences in sphingolipid levels; blue indicates up to 12-fold higher levels and red indicates up to 

10-fold lower sphingolipid levels. P-values of significant differences after correction for multiple testing are indicated in the table, 

n.s.=non-significant (n= 45 – 76 mice per group).  
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Supplementary table 4: Main effects of APOE genotype, FAD mutation, Sex, Age, and their interactions on hippocampus, 

cortex, cerebellum, and plasma S1P levels. Bold values are significant after correction for multiple testing.  
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Supplementary table 5: Main effects of APOE genotype, FAD mutation, Sex, Age, and their interactions on hippocampus, 

cortex, cerebellum, and plasma ceramide levels. Bold values are significant after correction for multiple testing.  
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Supplementary table 6: Main effects of APOE genotype, FAD mutation, Sex, Age, and their interactions on hippocampus, 

cortex, cerebellum, and plasma sphingomyelin levels. Bold values are significant after correction for multiple testing.  
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Supplementary table 7: Main effects of APOE genotype, FAD mutation, Sex, Age, and their interactions on hippocampus, 

cortex, cerebellum, and plasma ceramide composition. Bold values are significant after correction for multiple testing. 
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Supplementary table 8: Main effects of APOE genotype, FAD mutation, Sex, Age, and their interactions on hippocampus, 

cortex, cerebellum, and plasma sphingomyelin composition. Bold values are significant after correction for multiple testing. 
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Abstract 

Ceramide levels are increased in blood and brain tissue of Alzheimer’s disease (AD) patients. 

Since the ceramide transporter protein (CERT) is the only known protein able to mediate non-

vesicular transfer of ceramide between organelle membranes, the modulation of CERT function 

may impact on ceramide accumulation. The competitive CERT inhibitor N-(3-hydroxy-1-

hydroxymethyl-3-phenylpropyl) dodecanamide (HPA-12) interferes with ceramide trafficking. To 

understand the role of ceramide/CERT in AD, HPA-12 can be a useful tool to modulate ceramide 

trafficking. Here we first report the synthesis and in vitro properties of HPA-12 radiolabeled with 

fluorine-18, and present preliminary in vitro and in vivo positron emission tomography (PET) 

imaging and biodistribution data. In vitro results demonstrated that the fluorination did not alter 

the biological properties of HPA-12 since the [fluorine-19]HPA-12, interferes with 5-DMB-

ceramide trafficking in HeLa cells. Radiolabeled HPA-12, [fluorine-18]HPA-12, was obtained with 

a radiochemical yield of 90% and a specific activity of 73 MBq/µmol. PET imaging on wild-type 

mice showed hepatobiliary clearance and a brain uptake on the order of 0.3 standard uptake 

value (SUV) one-hour post injection. Furthermore, the biodistribution data showed that after 

removal of the blood by intracardial perfusion, radioactivity was still measurable in the brain 

demonstrating that the [fluorine-18]HPA-12 crosses the blood brain barrier and is retained in the 

brain. 

 

Keywords: ceramide, ceramide transporter protein CERT, HPA-12, Alzheimer’s disease (AD) 
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Introduction 

The lipid ceramide is the backbone of all complex sphingolipids and contributes to the architecture 

of the cell membrane, conferring structural rigidity. Moreover, it acts as a second messenger in 

various biological events [1-3]. In the brain parenchyma and vasculature, ceramide is abundantly 

present in different cell types, including neurons and glia. To guarantee optimal neuronal function, 

the levels and balance of sphingolipids and associated metabolites are tightly controlled. 

Consequently, alterations of this delicate balance may contribute to the development of age-

related neurological and neuroinflammatory diseases. It is now generally thought that ceramide 

has pro-inflammatory and pro-apoptotic effects in the brain and thereby contributes to disease 

pathogenesis [4, 5]. In progressive neurodegenerative diseases, such as multiple sclerosis or 

amyotrophic lateral sclerosis, where oligodendrocytes or neurons are damaged, an abnormal 

accumulation of ceramide and other lipids have been observed [6]. In the case of Alzheimer’s 

disease (AD) increased levels of ceramide in blood and brain have been reported in both 

preclinical and clinical studies [7-11]. Furthermore, an increase in ceramide levels contributes to 

amyloid formation in AD [12]. Ceramide consists of one acyl-chain, which can vary in length and 

degree of saturation, and a sphingosine chain, and is produced by two general metabolic 

pathways: by de novo synthesis beginning with the precursor palmitoyl-CoA or by catabolism of 

complex sphingolipids [13-15]. In the de novo pathway, ceramide is shuttled from the endoplasmic 

reticulum (ER) to the Golgi, where it is converted to sphingomyelin [15, 16]. The ceramide transfer 

protein (CERT) mediates the transport of ceramide from the ER to the Golgi in a non-vesicular 

manner [16]. CERT is encoded by the COL4A3BP gene, located in the chromosomal 5q13.3 

region. COL4A3BP is translated into two CERT isoforms by alternative splicing of exon 11 [17]. 

Consequently, these two isoforms differ in the presence of a 26-amino acid serine-rich domain. 

Both CERT isoforms contain a steroidogenic acute regulatory protein (StAR)-related lipid transfer 

(START) domain which confers the ability to transport ceramide [16]. CERT proteins are essential 

to maintain physiological balance among the sphingolipid species [18]. When the CERT gene is 
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knocked out, ceramide levels increase in the ER and in the mitochondria, affecting the integrity 

and function of these organelles [19]. Ceramide elevation in the ER causes a chronic stress-like 

response that compromises the unfolded protein response (UPR) pathway [20]. In addition, it has 

been demonstrated that mislocation of ceramide to the mitochondria specifically commits cells to 

death [21]. These subcellular changes, in CERT deficient mice, compromise heart function, 

neuronal development and cause embryonic death [20]. Interestingly, CERT proteins are not only 

important for ceramide homeostasis and embryonic development, but have also been described 

to be involved in mental retardation and autoimmunity [17, 22-24]. Moreover, they serve as innate 

immune regulators by directly activating the complement system via the classical pathway [25]. 

Interestingly, CERT proteins were also shown to colocalize with Aβ fibrils in amyloid plaques in 

brain tissue of AD patients [26]. It was demonstrated that CERT proteins bind to serum amyloid 

P component (SAP) which co-localizes with Aβ deposits and is thought to protect amyloid plaques 

from proteolysis. This raises the question if this interaction plays a role in AD. 

Due to its properties as ceramide transporter and its possible involvement in AD and other 

pathological conditions, like cancer and autoimmunity, CERT is emerging as a promising 

pharmacological target [27-29]. We hypothesize that the elevation of ceramide levels may be 

correlated to expression levels of CERT and that impaired relocation activity of CERT may affect 

ceramide levels. Hence, it will be important to determine CERT localization and abundance in 

specific tissues and to study and modulate its function. 

In this regard (1R,3S)-N-(3-hydroxy-1- hydroxymethyl-3-phenylpropyl) dodecamide (HPA-12, is 

known to antagonize the CERT-dependent pathway of ceramide trafficking by specifically 

interacting with the START domain [30, 31]. Except for ceramides as such, HPA-12 [16] and its 

alkyl derivatives [32] represent the only currently known class of molecules with high affinity to 

the CERT protein. HPA-12 contains simple structural scaffold consisting of the 2-amino-1,4-diol 

polar head group responsible for the major part of binding capacity and a twelve-carbon acyl chain 
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length aliphatic tail for interaction with the hydrophobic binding pocket of the START domain. 

Nevertheless, the pharmacological properties of HPA-12 are largely unknown. 

Positron emission tomography (PET) is a powerful functional imaging technique, which can be 

used to study the localization, concentrations and function of receptors, transporters or enzymes 

in vivo with attention to a specific organ, like the brain [33, 34]. Furthermore, PET is increasingly 

employed for drug discovery and development with the purpose to assess pharmacological 

properties [35]. 

In the present study, HPA-12 was radiolabeled with 18F [36] to create a PET ligand for specific 

imaging of CERT protein function and/or location. Data suggest that the [18F]HPA-12 crosses the 

blood brain barrier (BBB) and is retained differently depending on brain region. The study 

demonstrated that this new radioligand may have the potential to become an important tool to 

study ceramide metabolism and CERT function and localization in vivo. 
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Material and methods 

Chemistry 

[18F]HPA-12 was synthesized in five steps. Starting from 12-tosyloxydodecanoic acid and 

hydroxysuccinimide using DCC in THF the hydroxysuccinimide active ester was formed, which 

was then conjugated with (1S,3R)-3-amino-1-phenylbutane-1,4-diol to its corresponding 

carboxamide. A detailed description of the synthesis procedure can be found in the 

supplementary material. 

Radiochemistry 

Aqueous 18F solution was loaded on a QMA-cartridge which was preconditioned with 15 mL 

K2CO3 in water (1 M) and 20 mL water. Fluoride was eluted with K2CO3 (2.9 mg) and Kryptofix 

2.2.2 (K222, 18.9 mg) in a mixture of acetonitrile (600 μL) and H2O (400 μL) into a drying vessel. 

Acetonitrile (3 mL) was added, and the solution of 18F was dried by heating to 100 °C with a 

continuous flow of argon. After reconstitution of 18F (626 ± 5 MBq) in anhydrous acetonitrile (100 

μL), a solution of [18F]HPA-12 precursor (7) (3 mg) in acetonitrile (300 μL) was added, and the 

reaction was stirred at 100 °C for 15 minutes. After deprotection by addition of methanol (300 μL) 

and equimolar amounts of KOH (23 μL) at room temperature for 15 minutes a quality control, 

based on retention time, was performed by HPLC (1 mL/minute, 100% water for 2 minutes, 0% 

to 100% acetonitrile from 2 to 8 minutes, 100% acetonitrile for 20 minutes) on a Shimadzu UFLC 

HPLC system equipped with a DGU-20A5 degasser, a SPD-M20A UV detector, a LC-20AT pump 

system, a CBM-20A communication BUS module, a CTO-20AC column oven, and a Scan-RAM 

radio-TLC/HPLC-detector from LabLogic using an Aeris™Widepore column (XB-C18, 3.6 μm, 4.6 

mm × 250 mm). [18F]HPA-12 was afforded (RCY: 94%) with a decay corrected specific activity of 

73 MBq/μmol and a radiochemical purity of ≥ 94%; tR= 10.3 minutes. 
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Blood stability test and shelf life 

1.5 MBq of [18F]HPA-12 was added to 10 mL human blood in heparin tubes. Blood stability was 

analyzed over 60 minutes with 10 minutes intervals. For each time point blood plasma was 

separated from proteins and analyzed by HPLC. Furthermore, the shelf life of [18F]HPA-12 (18 

MBq) in PEG/Saline (50:50) was analyzed over a period of 4 hours in 1-hour time steps by the 

above-mentioned HPLC method. 

Binding assays 

A solution containing 200 pmol of His-tagged START domain (Abcam, 0.5 µg/µL) in 13 µL was 

diluted with 47 µL Tris-buffered saline solution (TBS, pH=7.4). The competitors (200 pmol of HPA-

12 or 200 pmol F-HPA-12), dissolved in 30 µL TBS, were added to the mixture and incubated for 

30 minutes at 37 °C. Then 200 pmol of a fluorescent ceramide analog, C5-DMB-ceramide (C5-

DMB-Cer, kindly donated by Prof. Yves Génisson, University of Toulouse) was added and the 

mixture was again incubated for 30 minutes. As a positive control, the START domain was 

incubated only with C5-DMB-Cer for 30 minutes without competitors and as a negative control 

C5-DMB-Cer was added in TBS in the absence of the START domain. To capture C5-DMB-Cer-

START complexes, TALON metal affinity resin (30 µL of 50% (v/v) pre-equilibrated with TBS) was 

added to the mixture and incubated for 10 minutes at room temperature with rotary shaking. After 

centrifugation (14000 x g, 30 s), the supernatant was collected as the ‘‘unbound fraction’’. For 

washing, the resin was suspended in TBS (75 µL), and after centrifugation (14000 x g, 30 

seconds), the supernatant was collected as the ‘‘wash fraction 1’’. This washing step was 

repeated to give the ‘‘wash fraction 2’’. For elution of C5-DMB-Cer-START complexes, the resin 

was incubated with TBS buffer containing 250 mM imidazole for 5 minutes at room temperature. 

After centrifugation (14000 x g, 30 seconds), the supernatant was collected as the ‘‘bound 

fraction’’. A solution of chloroform/methanol (1:2 (v/v), 3.75-fold volume of each fraction) was then 

added to each collected fraction, mixed and centrifuged (14000 x g, 30 seconds). Finally, to 

retrieve residual fluorophores non-specifically bound to the resin and tube, TBS (85 µL) and 
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chloroform/methanol mixture (1:2 (v/v), 375 µL) were added to the resin in the tube, mixed, and 

centrifuged (14000 x g, 30 s). The supernatant was collected as the ‘‘residual fraction’’. For each 

fraction, the fluorescence was quantified with a 2030 VictorTMX3 (PerkinElmer) (excitation at 480 

nm; emission at 515 nm) and expressed as the percentage of the total fluorescence. 

Fluorescence microscopy 

HeLa cells were cultured in modified eagle medium (DMEM, Gibco), with 10% fetal calf serum, 

1% L-glutamate, and 1% penicillin/streptavidin. Cells were maintained in a humidified incubator 

at 37 °C with 5% CO2. HeLa cells were plated on sterile round coverslips (VWR, ECN 631-1577) 

inserted in 24-well plates. After 24 hours cells were incubated with 1 µM of C5-DMB-Cer 

complexed with equimolar BSA at 4 °C for 30 minutes in serum free medium (baseline condition). 

Cells were then washed 3 times with 1 mL cold medium and incubated at 37 °C with serum free 

medium for additional 30 minutes with 0.001% DMSO or 2.5 µM HPA-12 or [19F]HPA-12 [30, 37]. 

Cells before and after the 30 minutes incubation were washed with ice cold PBS and fixed with 

0.125% glutaraldehyde solution in PBS for 5 minutes at 4 °C before mounting coverslips with 

VECTASHIELD Antifade Mounting Medium with DAPI (Vector Laboratories) for nuclei staining. 

Then cells were observed using an inverted fluorescence microscope (Olympus IX-81) and 

photomicrographs were acquired using µManager software [38] with a EXi Aqua (QImaging) 

digital camera. 

Animals 

C57Bl6/J wild type (WT) male mice were obtained at 2 months of age from Charles River and 

housed socially on a 12-hour day-night cycle and had ad libitum access to food and water. All 

experiments were approved by the Animal Welfare Committee of Maastricht University and 

followed the laws, rules, and guidelines of the Netherlands. 
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PET imaging 

Animals were anesthetized using a continuous isoflurane (2.5% in O2) anesthesia protocol, while 

body temperature was monitored and maintained using an electrical heating pad. After 

intravenous injection of 1.5 MBq of radiotracer, animals were positioned supine and data was 

continuously acquired for 1 hour. PET images were acquired using a Siemens MicroPET Focus 

120 (Siemens Healthcare) with an axial field of view (FOV) of 7.6 cm and a spatial resolution of 

about 1.3 mm. 

Acquired data were corrected for dead time, random coincidences and decay. Images were 

reconstructed using OSEM2D. PET images were analyzed with PMOD 3.7 software. To define 

volumes of interest (VOIs) for heart, liver, left kidney and total brain a mouse CT scan template 

was used. Time activity curves (TACs) were generated by applying VOIs to the dynamic PET 

images. TACs were normalized to injected activity and body weight to obtain the standardized 

uptake value (SUV) as an outcome measure. Tomographic images were co-registered with 

Mirroine mouse T2-MRI template to determine brain regions VOIs and co-registered to CT scan 

to mask the activity outside the brain. We report average of PET slices from 0-3, 20-30 and 53-

60 minutes acquisition. Furthermore, brain regions VOIs were determined with a reference mouse 

brain atlas [39, 40]. The 60 minute scan was selected to compute SUV 1 h post injection for the 

following brain regions: striatum (left and right), cortex, amygdala (left and right), hippocampus, 

thalamus, hypothalamus (left and right), olfactory bulb, inferior and superior colliculi cerebellum, 

midbrain, brain stem, basal forebrain septum, central gray. 

Biodistribution and metabolism 

One hour post injection mice were terminally anesthetized with sodium pentobarbital (150 mg/kg 

intraperitoneal). Blood was collected from the vena cava inferior, and urine from the bladder to 

search for catabolic products of [18F]HPA-12. Subsequently, mice were intracardially perfused for 

2.5 minutes with 4 °C cold Krebs buffer (121 mM NaCl, 1.87 mM KCl, 1.17 mM KH2PO4, 1.15 mM 
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MgSO4*7H2O, 24.9 mM NaHCO3, 1 mM CaCl2*2H2O, 11 mM glucose and gassed with carbogen 

gas for 30 minutes). 

The brain was removed and one hemisphere was macro-dissected into hindbrain-midbrain 

(midbrain, cerebellum and brain stem), olfactory bulb, and forebrain. For [18F]HPA-12 body 

distribution, the following organs were dissected and weighed: skin, eyes, spleen, intestines, liver, 

stomach, kidneys, lungs and heart. The body was further divided into head, tail, and limbs-trunk. 

Then, radioactivity content in all these body parts was measured using a 2480 Wizard2 gamma 

counter (Perkin Elmer). Results were corrected for radioactive decay and expressed a percentage 

of total injected dose per gram of tissue (%ID/g). All data shown are means of 4 wild type mice. 

Analytical studies were performed to determine the chemical nature of the radioactivity retained 

in urine, blood and brain. HPLC elution from 0-1 minute, 2-4 minutes, 12-14 minutes and 16-18 

minutes were collected and measured on a gamma counter. We expected to elute at each 

retention time respectively: background radioactivity, free 18F, unknown metabolite and intact 

[18F]HPA-12. 

Urine was directly analyzed by HPLC. Blood was first fractioned into a cell fraction, a protein 

fraction and an organic fraction. In detail, blood was collected in heparin tubes and centrifuged to 

separate plasma from cells. Plasma was transferred into new eppendorf and treated with excess 

of organic solvent acetonitrile. The precipitate formed after adding acetonitrile was considered as 

the protein fraction and the supernatant as organic fraction. Before gamma counter analysis the 

organic fraction was analyzed by HPLC as described above. Lastly, brain tissue was 

homogenized in acetonitrile with micropestle. After homogenization brain tissue precipitate was 

separated by centrifugation and the supernatant (organic fraction) was injected in HPLC for 

radiometabolites separation and inspected by gamma counter. 

Statistical analysis 

Statistical analysis was performed using GraphPad Prism version 5.00 for Windows. PET and 

biodistribution data were analyzed using one-way ANOVAs, with brain regions as independent 
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factor; Bonferroni corrections were used for multiple comparisons. A p-value of <0.05 was 

considered significant. Time activity curves were analyzed by linear regression to test the 

hypothesis that SUV over time of liver, kidney, heart and brain were negatively or positively 

different from zero. 
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Results 

Fluorination and radiofluorination of HPA-12  

HPA-12 was modified at the alkyl chain, to make the compound suitable for PET imaging without 

affecting the protein affinity. The synthesis of [19F]HPA-12 and its radiofluorinated analogue 

[18F]HPA-12 are depicted in Figure 1. The route for the synthesis of [19F]HPA-12 is similar to those 

described by Duris et al. [31] using 12-fluorododecanoic acid active ester 5a as a mild acylating 

agent. The 12-tosyloxy analogue of HPA-12 6, intermediate for the radiofluorinated analogue 

[18F]HPA-12, was synthesized under the same conditions as 5b. To protect its acidic hydroxy 

groups, O-acetylation was realized. The radiosynthesis was then performed in a two-step 

process, in which a deprotection step followed the initial tosyl-[18F]F-nucleophilic substitution [41]. 

The diacetylated 12-tosyloxy derivative 7 could be successfully radiolabeled with 18F and 

deprotected within 30 minutes. The radiochemical yield and purity were ≥ 94% with a decay 

corrected specific activity of 73 MBq/μmol. Blood stability and shelf life analysis showed a stability 

of ≥ 99% after 1 and also after 4 hours. 

Fluorinated HPA-12 is biological active and interferes with ceramide transport 

Fluorination of HPA-12 was conducted in position C-12 on the dodecanoyl part of the molecule 

knowing that the compound interacts with the START domain cavity through the polar head [29] 

(Figure 2A). To confirm that the radiolabeling would not affect the binding properties of HPA-12 

to the START domain we performed two in vitro tests (Figure 2B-C). First, we determined the 

binding of [19F]HPA-12 to the START domain as described [30, 42]. The assay showed that 

[19F]HPA-12 competes with fluorescent C5-DMB-cer for binding to the START domain. The 

fluorescence measured in the bound fraction of the [19F]HPA-12 and HPA-12 conditions was lower 

than in the positive control (without HPA-12) (Figure 2B), suggesting that both compounds 

competed with the ceramide for binding to the START domain. These results are in agreement 

with what was previously reported [29, 30]. Additionally, microscopic observation of C5-DMB-cer 
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redistribution in cultured HELA cells showed that less fluorescence was accumulated in the 

perinuclear Golgi region in HPA-12 and [19F]HPA-12 treated cells compared to untreated control 

cells (Figure 2 C, D, E and F), in line with previous observations [30, 42]. When cells were only 

incubated with C5-DMB-cer at 4 °C for 30 minutes (Figure 2C), fluorescence was diffusely 

distributed in the cytosol. When cells were warmed up to 37 °C and incubated for 30 minutes to 

trigger the energy dependent CERT transfer, fluorescence accumulated in the perinuclear region, 

corresponding to vesicular compartments, including Golgi and endolysosomal vesicles (Figure 

2D). This process was reduced in the presence of HPA-12 (Figure 2E) or [19F]HPA-12 (Figure 

2F). 

[18F]HPA-12 crosses the BBB and is retained in the brain 

[18F]HPA-12 (injected dose per animal in average 1.5 MBq), was administered into the tail vein 

and animals were scanned for 1 hour. As shown in the time–activity curves (TACs), radioactivity 

uptake in heart and kidney was high in the first minutes and decreased in time (heart and kidney 

had a slope of -0.0067 +/- 0.0015 and -0.0172 +/- 0.0007). The levels of activity registered in liver 

decreased slowly during the 60 minutes scan (slope = -0.0075 +/- 0.0009). In contrast, the brain 

uptake increased in time at a slow and steady rate with a slope of 0.0014 +/- 0.0004 (Figure 3A). 

In this respect, TAC of brain uptake normalized by the heart also showed an increase in time 

indicating that the radiotracer moved from the blood circulation to the brain throughout the 60 

minutes scan (Figure 3B). Sagittal tomographic images averaged from 0-3, and 20-30 and 53-60 

minutes showed also an increase in activity throughout the brain (Figure 3C). Furthermore, we 

analyzed the slope of each TACs to answer the question whether the TAC slopes were 

significantly different from zero. Linear regression analysis showed that negative TAC slopes of 

heart, liver, kidney and lungs were significantly different from zero, implying a decrease in 

[18F]HPA-12 levels (p<0.0001). The brain TAC slope was significantly greater than zero, proving 

an uptake of [18F]HPA-12 in this organ (p<0.001). Uptake of [18F]HPA-12 showed the highest SUV 

in the olfactory bulb, followed by the cortex, hypothalamus, basal forebrain septum and 
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cerebellum (Figure 3C). The uptake in the olfactory bulb was found to be significantly greater than 

the uptake of striatum (p<0.001), hippocampus (p<0.001), thalamus (p<0.001), amygdala 

(p<0.01), brain stem (p<0.05) and midbrain (p<0.001). 

[18F]HPA-12 biodistribution and metabolism 

The biodistribution of [18F]HPA-12 was investigated 1 hour post injection in blood, urine, brain and 

other 9 organs after intravenous injection through the tail vein (Figure 4). After blood and urine 

collection the animals were intracardially perfused and organs collected for measurement of 

radioactivity. On urine, blood and brain we performed analytical studies by HPLC to identify 

[18F]HPA-12 metabolic fates as explained in the material and methods section. Urine analysis 

indicated that 50% of radioactive levels were caused by free 18F (retention time 2-4 minutes), 45% 

by unknown metabolites (retention time 12-14 minutes) and 5% by [18F]HPA-12 (retention time 

16-18 minutes). In contrast, blood analysis showed that radioactivity levels were distributed in the 

following way: 10% free 18F, 2% unknown metabolites and 6% [18F]HPA-12. However, 57% and 

25% of the counts measured in blood radioactivity was found respectively in the cell and protein 

fractions. Macro dissection of the brain revealed region dependent uptake of [18F]HPA-12 (Figure 

4A). The olfactory bulb (% ID / g = 0.89 +/-0.47) had the highest uptake followed by forebrain (% 

ID / g = 0.70 +/-0.23) and midbrain-hindbrain (% ID / g = 0.64 +/-0.18) region. However, no 

significant differences between regions were found. When investigating the brain tissue by HPLC 

we found that 12% of radioactivity was intact [18F]HPA-12, 20% was free 18F, 1% was an unknown 

metabolite of [18F]HPA-12; 67% of the counts were bound to brain cells which were not further 

analyzed. The uptake observed in the intestine (% ID / g = 2,77+/-0,73) was the highest among 

the measured organs, followed by the liver (% ID / g = 2.04 +/- 1.09), kidney (% ID / g = 2.01 +/- 

0.85) and heart (% ID / g = 0.91 +/-0.38) (Figure 4B). Uptake was also detected in the eye (% ID 

/ g = 1.29 +/- 0.21), heart (% ID / g = 1.04 +/- 0.39), lungs (% ID / g = 0.61 +/- 0.47), stomach (% 

ID / g = 0.73 +/- 0.24). The head and the trunk-limbs had also high content % ID / g indicating a 

bone uptake due to defluorination that occurred in vivo.  
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Discussion 

In the present study, we synthetized [18F]HPA-12 to specifically target and image CERT 

distribution and function in the brain and peripheral organs in vivo. 

Here, we asked the questions i) if it was feasible to radiolabel HPA-12, ii) if the radiolabeled HPA-

12 still retained its biological ability to bind the START domain, iii) and if HPA-12 was able to cross 

the blood-brain barrier (BBB). To answer this, we radiolabeled HPA-12 with 18F to generate 

[18F]HPA-12. We demonstrated that fluorination does not affect binding of HPA-12 to the START 

domain and that [19F]HPA-12 and HPA-12 have similar blocking effects on ceramide redistribution 

in HeLa cells. Furthermore, through PET dynamic acquisition we determined the 

pharmacokinetics of [18F]HPA-12 in the kidneys, heart, liver and brain. TACs showed high kidney 

uptake in the first 20 minutes after radiotracer injections. Furthermore, the biodistribution 

experiments identify a high % ID / g in the kidneys after perfusion. This is in line with the 

localization of CERT in the kidneys, where it functions as an important regulator of collagen type 

IV organization [43]. Heart SUV decreased in time proving that the compound leaves the blood 

circulation towards other compartments. However, even after perfusion a substantial amount of 

radiotracer was retained in the heart tissue. This finding might be relevant since CERT deficient 

mice are not viable due to heart defects [20]. In contrast to kidney and heart, the tracer 

concentration in the liver was stable during the period of the PET scan and 1 hour post injection; 

after perfusion, high radioactivity was still present in this organ. This suggests that [18F]HPA-12 is 

retained and possibly metabolized by the liver and excreted through the hepatobiliary system. In 

fact, compounds with >300 g/mol with both polar and lipophilic parts - like [18F]HPA-12 – were 

found to be more likely eliminated by the intestines through the biliary system [44]. After injection 

of [18F]HPA-12, high radioactivity was found in the intestines and gallbladder. Additionally, HPLC 

analysis of the urine detected free18F and unknown radiometabolites, but not [18F]HPA-12, 

suggesting that the elimination of [18F]HPA-12 did not take place by the excretion through the 

urinary system. One of the possible [18F]HPA-12 biotransformation is the hydrolysis of the amide 
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bond by peptidases with formation of long chain fatty acid ([18F]dodecanoic acid). Long chain fatty 

acid analogs have been used as metabolic trapping probes in PET to study abnormal fatty acid 

oxidation (FAO), which are associated with a variety of diseases like for instance ischemic heart, 

or heart failure. The biodistribution of these metabolic probes is characterized by a dramatic heart 

uptake in mice which persist over 2 hours [45]. For this peculiar behavior of fatty acid, we think 

that the [18F]HPA-12 is poorly metabolized on the amide group. 

We also report that the radiotracer is stable in human blood for at least 4 hours. Finally, we report 

that [18F]HPA-12 passes the BBB and accumulates at a slow rate in the brain and that the 

radiotracer was taken up differently depending on brain region. The highest SUV value was 

registered in the olfactory bulb followed by cerebral cortex, hypothalamus, basal forebrain septum, 

and cerebellum. This was supported by the biodistribution analysis where % ID / g was higher in 

olfactory bulb compared to forebrain and mid-hindbrain areas. Studies on CERT in rodent brain 

have shown high mRNA and protein expression levels in cerebral cortex, septal complex, 

thalamus, hypothalamus, olfactory bulb, amygdala and in some hippocampal regions in alignment 

to our results [25, 46]. However, the specific engagement of the target has still to be proven. 

Furthermore, our radioanalytical study in brain tissue showed that about one third of the organic 

fraction of radioactivity was intact compound, and nearly two thirds free fluoride. This indicates 

that the intact compound reaches the brain and that there are no major metabolites apart from 

the (in situ generated) free fluoride. 

Taken together, our findings showed that [18F]HPA-12 passes the BBB, and has a relatively slow 

blood clearance in vivo. In fact, 1 hour post injection radioactive compound was still found in the 

blood. In addition, as previously mentioned, SUV decreased in the blood and increased in other 

compartments including the brain. Furthermore, we observed a fast defluorination detected in 

bone uptake and urine excretion. Matthews et al. discussed the use of PET imaging for drug and 

radioligand development and they proposed that the brain/blood ratio in preclinical biodistribution 

studies should be > 1 for practical utility [47]. A brain/blood ratio bigger than 1 implies that the 
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radioligand preferably moves towards the brain compartment rather than staying in the blood 

circulation. This rule of thumb was pointed out from experience with rodents and pigs when 

assessing new radiotracer for brain purposes. We calculated the brain/blood ratio of [18F]HPA-12 

to be < 1 (0.58 in biodistribution and 0.57 in PET data 1 hour post injection). However, the ratio 

in time activity curves continuously increased indicating that the radiotracer accumulates in the 

brain. Furthermore, we found that brain TAC was significantly different from zero (p<0.001). It is known that PET 

radiotracers with high lipophilicity (with logarithmic partition coefficient (LogP) > than 3 which is 

indicative of lipophilicity), as [18F]HPA-12 (XLogP3 = 5.3) [48], have usually slow brain entry and 

potentially high nonspecific binding to brain lipids and proteins with consequent attenuation of 

specific signal [34, 35]. However, there are radiotracers that work efficiently despite their high 

lipophilicity like a recently developed radiotracer for cannabinoid receptor (cLogP = 5.7) that 

successfully passed the BBB after low dose administration and bound with high specificity to the 

target [49]. In our case, the slow (SUV increased in 1 hour from 0.2 to 0.4) but steady brain entry 

may be caused by [18F]HPA-12 interaction with blood proteins, a link that is gradually reversed in 

time releasing the radiotracer [33]. In fact, we found that 25% of radioactive counts in the blood 

are associated with plasma protein fraction. 

In conclusion, our results show for the first time that HPA-12 may be a useful tool to study 

ceramide metabolism and CERT trafficking function in vivo including the brain. Moreover, 

[18F]HPA-12 may be useful to study function and accumulation of CERT and warrant further 

investigations to firstly prove specific CERT engagement with competition studies and secondly 

to study CERT/ceramide function in AD and other neurodegenerative diseases. 
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Figures 

 

 

Figure 1. Synthetic Scheme for Fluorination and Radiofluorination. Reagents: (i) (5a), TEA, 

THF; (ii) (5b), TEA, THF; (iii) Ac2O, TEA; (iv) (a) [18F]F-, K222, K2CO3, 100 °C, 15 min; (b) KOH, 

MeOH. 
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Figure 2. The fluorination in position C-12 of the alkyl chain does not interfere with HPA-

12 binding properties. (A) Chemical structure of HPA-12, [19F]HPA-12 and [18F]HPA-12. (B) 

Binding assay of [19F]HPA-12 and HPA-12 to START domain in the presence of C5-DMB-cer as 

competitor. In this assay, His-tagged START domain was incubated with C5-DMB-ceramide, a 

fluorescent analog. Then an equimolar amount of HPA-12 or [19F]HPA-12, was added to the 

mixture as a competitor. As a control, the START domain was incubated solely with C5-DMB-
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ceramide (“no competitor” condition). The bars represent the percentage of the total fluorescence 

of the bound fraction. Results are means +/- S.D. of duplicates. (C-F) Fluorescence microscopy 

assay to test effects of HPA12 and [19F]HPA-12 on intracellular ceramide transport in cultured 

HeLa cells. Both HPA12 and [19F]HPA-12 interfered with intracellular redistribution of C5-DMB-

ceramide. HeLa cells were grown on glass coverslips and labeled with 1 µM C5-DMB-Cer (green 

fluorescence); DAPI was used for nuclear staining (blue fluorescence), Four experimental 

conditions were tested: (C).cells were incubated with fluorescent ceramide at 4 °C for 30 minutes. 

The other three conditions followed up on the first condition by incubating the cells for other 30 

minutes at 37 °C (to trigger CERT activity) in the absence of a blocker (D) or in the presence of 

2.5 µM HPA-12 (E) or [19F]HPA-12 (F). In D the redistribution of C5-DMB-Cer, to the perinuclear 

Golgi region was observed. This process was reduced in the presence of HPA-12 or [19F]HPA-

12, respectively. All photomicrographs were exposed and processed identically. Scale bar, 10 

µm. 
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Figure 3. TACs showed that [18F]HPA-12 uptake decreased in time in the heart, and kidney, 

while staying stable in liver; brain uptake increased in time at a slow rate. TACs of heart, 

liver, kidney and brain were generated by applying VOIs to the dynamic PET images. The average 

normalized brain activities (kBq/cc) were then normalized to injected activity and body weight to 

obtain the standardized uptake value (SUV) as an outcome measure. The curves are the means 

+/-S.D. of data from n=3 mice (A). Brain uptake was normalized to heart uptake over 1 hour PET 
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scan (B). Summed coronal, sagittal and transaxial brain slices from PET images acquired over 

60 minutes co-registered with CT scan depicting brain uptake. Template VOIs were used to mask 

PET images to remove skull and other tissue activity (C). Furthermore, VOIs were used to 

calculate brain uptake of [18F]HPA-12 at 1 hour post injection. The 60 minutes PET scan was 

selected to compute SUV 1 h p.i for the following brain regions: striatum (left and right 

hemisphere), cortex, hippocampus (left and right hemisphere), thalamus, cerebellum, basal 

forebrain septum, hypothalamus, amygdala (left and right), brain stem, olfactory bulb, midbrain 

(left and right). PET data were analyzed with one-way ANOVA and represents means +/- S.D. of 

3 wild-type mice (D). 
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Figure 4. Brain uptake of [18F]HPA-12 and organ distribution. 1 hour post injection of 

[18F]HPA-12 animals were intracardially perfused and organs were collected. The brain was 

divided between hindbrain-midbrain, forebrain and olfactory bulb (A). Uptake in other organs 

(intestines, liver, kidneys, blood, eye, skin, heart, spleen, stomach and lungs) is shown in (B). 

Bars represent the percentage of the total injected dose divided by grams of tissue (B). Results 

are means +/- S.D. of three animals. 
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Supplementary information 

Material and methods 

(1R,3S)-N-(3-hydroxy-1- hydroxymethyl-3-phenylpropyl) dodecamide (HPA-12) synthesis 

and chemistry 

All substrates and reagents for the reactions were of analytical grade and were used without 

further purification. The solvents were distilled before use. Thin layer chromatographic (TLC) 

studies are performed on pre-coated silica gel 60 F 254 on aluminium sheets (Merck KGaA). The 

compounds were visualized by UV fluorescence and by dipping the plates in an aqueous H2SO4 

solution of cerium sulfate/ammonium molybdate followed by charring with a heat gun. Melting 

points were obtained using a Stuart SMP30 apparatus and are uncorrected. Optical rotations 

were measured with a JASCO P-2000 polarimeter and are given in units of 10–1deg.cm2.g–1. 1H 

(600 MHz and 300 MHz) and 13C (150 MHz and 75 MHz) NMR spectra were obtained on a Varian 

Unity Inova 300 MHz (300 MHz for 1H, 75 MHz for 13C) or Varian 600 VNMRS (600 MHz for 1H, 

150 MHz for 13C) spectrometers. Chemical shifts are cited on Me4Si as internal (1H and 13C) 

standard; the chemical shifts are given in parts per million (ppm). High-resolution mass spectra 

(HRMS) were recorded on a Thermo Scientific Orbitrap Velos mass spectrometer with a heated 

electrospray ionisation (HESI) source. The mass spectrometer was operated with full scan (50–

2000 amu) in positive or negative FT mode (at a resolution of 100000). The analyte was dissolved 

in MeOH and infused via syringe pump. The heated capillary was maintained at 275 °C with a 

source heater temperature of 50 °C, and the sheath, auxiliary, and sweep gases were at 10, 5 

and 0 units, respectively. The source voltage was set to 3.5 kV. HPLC experiments were 

performed on Varian ProStar chromatographic system (pump model 230 working in isocratic 

mode and UV-VIS detector model 310 working at 210 nm) on Waters Spherisorb ODS1 250x4.6, 

5 µm column. The mobile phase was pumped through the system at 1.0 mL/minute at room 

temperature. Starting (1S,3R)-3-amino-1-phenylbutane-1,4-diol (4) was prepared according to 

our CIAT based methodology.[50] 



 

187 
 

 

2,5-dioxopyrrolidin-1-yl 12-fluorododecanoate (5a) 

To the solution of 12-fluorododecanoic acid [51, 52] (806 mg, 3.69 mmol) in THF (20 mL) N-

hydroxysuccinimide (467 mg, 4.06 mmol), DCC (990 mg, 4.80 mmol) and DMAP (23 mg, 0,185 

mmol) were added sequentially. The reaction mixture was stirred at room temperature for 24 

hours. Precipitated dicyclohexylurea was filtered off and the solvent was evaporated under 

diminished pressure. Product was obtained by gradient column chromatography using 

ethylacetate/hexane mixture (1:5 →1:3). Yield of 5a 850 mg (73 %). mp 65 - 66 °C. ), HRMS 

(HESI): m/z [M + H]+calcdfor C16H27FNO4
+: 316,19186; found: 316.19152.1H NMR (300 MHz, 

CDCl3) δ 4.43 (dt, J = 47.4, 6.2 Hz, 2H), 2.83 (s, 4H), 2.60 (t, J = 7.5 Hz, 2H), 1.82 – 1.55 (m, 4H), 

1.51 – 1.17 (m, 14H), 13C NMR (75 MHz, CDCl3) δ 169.17, 168.66, 84.22 (d, J = 163.9 Hz), 30.92, 

30.38 (d, J = 19.3 Hz), 29.41, 29.37, 29.26, 29.18, 29.02, 28.73, 25.58, 25.10 (d, J = 5.6 Hz), 

24.54. 

2,5-dioxopyrrolidin-1-yl 12-(tosyloxy)dodecanoate (5b) 

Starting from the 12-tosyloxydodecanoic acid [53] (1110 mg, 3.00 mmol) and following the above 

described procedure the active ester 5b was prepared in 68% yield (950 mg), m.p. 52 - 54 °C. 

HRMS (HESI): m/z [M + H]+calcd for C23H34NO7S+: 468.20505; found: 468.20469.1H NMR (300 

MHz, CDCl3) δ 7.79 (d, J = 8.3 Hz, 2 H), 7.35 (d, J = 7.9 Hz, 1H), 4.02 (t, J = 6.5 Hz, 2H), 2.83 (s, 

4H), 2.60 (t, J = 7.4 Hz, 2H), 2.45 (s, 3H), 1.80 – 1.56 (m, 4H), 1.48 – 1.13 (m, 14H), 13C NMR 

(75 MHz, CDCl3) δ 168.19, 167.64, 143.58, 132.23, 128.77, 126.84, 69.69, 29.91, 28.28, 28.26, 

28.20, 27.98, 27.85, 27.77, 27.69, 24.58, 24.27, 23.53, 20.60. 

(1R,3S)-N-(3-Hydroxy-1-hydroxymethyl-3-phenylpropyl)-12-fluorododecanamide (2) 

To the solution of (1S,3R)-3-amino-1-phenylbutane-1,4-diol (4) (162 mg, 0.894 mmol) in THF (5 

mL) the active ester 5a (256 mg, 0.813 mmol) was added in one portion. The reaction mixture 

was stirred at room temperature for 24 hours. The solvent was evaporated and the product was 
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separated on MPLC chromatography with ethylacetate/heptane (33:66→100:0) eluent. The 

isolated product was triturated with diethylether (10 mL), filtered off and dried under vacuum.  

Yield 270 mg (79 %), mp 84-85 °C, [α]D20 = -6.8° (c 0.25, MeOH),. HRMS (HESI): m/z [M + 

H]+calcd for C22H37FNO3
+: 382.27520; found: 382.27501. 1H NMR (300 MHz, CD3OD) δ 7.41 – 

7.21 (m, 5H), 4.72 (t, J = 6.9 Hz, 1H), 4.42 (dt, J = 47.6, 6.1 Hz, 2H), 3.84 (dq, J = 8.3, 5.2 Hz, 

1H), 3.60 – 3.44 (m, 2H), 2.27 – 2.17 (m, 21H), 2.09 – 1.89 (m, 2H), 1.79 – 1.55 (m, 4H), 1.49 – 

1.27 (m, 14H), 13C NMR (75 MHz, CD3OD) δ 176.02, 145.92, 129.35, 128.42, 127.29, 84.86 (d, J 

= 163.7 Hz), 72.59, 64.82, 49.97, 41.41, 37.25, 31.59 (d, J = 19.5 Hz), 30.66, 30.64, 30.63, 30.48, 

30.39, 30.36, 27.08, 26.35 (d, J = 5.3 Hz).  

12-((2R,4S)-1,4-dihydroxy-4-phenylbutan-2-ylamino)-12-oxododecyl 4-

methylbenzenesulfonate (6) 

To the solution of aminodiol (4) (93 mg, 0.513 mmol) in THF (4 mL) the active ester 5b (230 mg, 

0.428 mmol) was added in one portion. The reaction mixture was stirred at room temperature for 

24 hours. The solvent was evaporated and the product was separated on MPLC chromatography 

with ethylacetate/MeOH/NH3 20:1:0.2. The isolated product was triturated with 

diethylether/heptane (10 mL), filtered off and dried under vacuum.  Yield 170 mg (75%), mp 56-

58°C, [α]D20 = -21.1° (c 0.032, MeOH), HRMS (HESI): m/z [M + H]+calcd for C29H44NO6S+: 

534.28839; found: 534.28856. 1H NMR (300 MHz, CDCl3) δ 7.82 – 7.71 (m, 2H), 7.38 – 7.17 (m, 

7H), 6.57 (d, J = 7.1 Hz, 1H. NH), 4.76 (dd, J = 8.8, 3.7 Hz, 1H, H-4), 4.00 (t, J = 6.5 Hz, 2H, CH2-

OTs), 3.95-4.10 (m, 1H, H-2), 3.69 – 3.56 (m, 2H, H-1 ), 2.44 (s, 3H, CH3), 2.12 (dd, J = 8.5, 6.7 

Hz, 2H, CH2-CH2-OTs), 2.06 – 1.84 (m, 2H, H-3), 1.67 – 1.48 (m, 4H), 1.36 – 1.17 (m, 14H). 13C 

NMR (75 MHz, CDCl3) δ 174.34, 144.70, 144.38, 133.08, 129.82, 128.46, 127.83, 127.50, 125.57, 

77.49, 77.07, 76.64, 71.63, 70.78, 65.28, 50.24, 40.84, 36.70, 29.37, 29.28, 29.21, 28.85, 28.77, 

25.68, 25.28, 21.63. 

(1S,3R)-1-phenyl-3-(12-(tosyloxy)dodecanamido)butane-1,4-diyl diacetate (7) 



 

189 
 

12-Tosyloxy analogue of HPA-12 (6) (100 mg, 0.187 mmol) was added to the solution of 

acetanhydride (57.4 mg, 0.562 mmol), TEA (38 mg, 0.375 mmol) a DMAP (1.2 mg, 0.0094 mmol) 

in the THF (2 mL). The mixture was stirred at room temperature for 24 hours. The solvent was 

evaporated under the diminished pressure and the residue was purified by MPLC using 

ethylacetate/heptane (0:100→50:50) solvent system. The product was obtained as a colourless 

oil 104 mg (90%),[α]D20 = 28.4 (c 0.2, CHCl3); HRMS (HESI): m/z [M + H]+calcd for C33H48NO8S+: 

618,30951; found: 618.30938. 1H NMR (600 MHz, CDCl3) δ 7.78 (d, J = 8.2 Hz, 2H), 7.39 – 7.25 

(m, 7H), 5.76 (t, J = 6.8 Hz, 1H), 5.69 (d, J = 8.4 Hz, 1H), 4.23 – 4.09 (m, 2H), 4.06 – 3.96 (m, 

3H), 2.45 (s, 3H), 2.20 – 2.10 (m, 3H), 2.08 (s, 3H), 2.05 (s, 3H), 1.99 (ddd, J = 12.9, 7.0, 5.4 Hz, 

1H), 1.62 (m, 4H), 1.37 – 1.16 (m, 14H), 13C NMR (151 MHz, CDCl3) δ 172.72, 170.88, 170.33, 

144.59, 139.43, 133.21, 129.77, 128.65, 128.33, 127.83, 126.57, 73.36, 70.69, 65.73, 45.44, 

38.34, 36.75, 29.35, 29.28, 29.26, 29.20, 28.85, 28.77, 25.60, 25.28, 21.60, 21.27, 20.76. 

 



 

190 
 

Chapter 5. Ceramide trafficking inhibitor (HPA-12) 

modulates sphingolipid composition in the central 

nervous system and increases amyloid-β levels in a 

mouse model of Alzheimer’s disease 

Simone M. Crivelli, Sandra de Hoedt, Qian Luo, Caterina Giovagnoni, Danielle Jongen, Andreas 

Paulus, Jozef Markus, Matthias Bauwens, Dusan Berkes, Helga E De Vries, Monique T. Mulder, 

Jochen Walter, Felix M. Mottaghy, Mario Losen, Pilar Martinez-Martinez 

 

Manuscript in preparation 

  



 

191 
 

Abstract 

The transport of ceramide from the endoplasmic reticulum (ER) to the Golgi is important to 

maintain physiological levels of ceramide within the cell. The ceramide transfer proteins (CERTs) 

are the only known proteins able to specifically shuttle ceramide from the ER to the Golgi. We 

previously proposed that in Alzheimer’s disease (AD), the transport of ceramide from the ER to 

the Golgi may be impaired, contributing to the typical ceramide accumulation that has been 

consistently observed in AD brains. We showed that this defect can be restored by upregulating 

CERTL, the long isoform of CERTs. CERTL upregulation also decreased amyloid-β (Aβ) 

production by affecting amyloid precursor protein processing. The ER to Golgi ceramide trafficking 

of ceramide can be inhibited by the synthetic ceramide analogue, N-(3-hydroxy-1-hydroxymethyl-

3-phenylpropyl) dodecanamide (HPA-12), which has a high affinity for CERTs. We previously 

demonstrated that the radiolabeled version [fluorine-18]HPA-12 crosses the blood brain barrier 

without being completely metabolized, suggesting that it can engage and inhibit CERTs in the 

brain. Here, we hypothesize i) that [fluorine-18]HPA-12 can be used as diagnostic tool for typical 

AD sphingolipid disbalance ii) and that pharmacological inhibition of CERTs ceramide transport 

by HPA-12 will increase ceramide and Aβ production in the brain. Using positron emission 

tomography dynamic imaging and biodistribution we found that familial AD mice models displayed 

a faster an higher uptake of [fluorine-18]HPA-12 in their brains than control animals. AD mice 

could be distinguished from control animals with a sensitivity of 85.7% and a specificity 87.5%. 

No differences in radiotracer biodistribution were detected in other organs. Treatment of the 

animals with HPA-12 (2 or 4 µg / g body weight) for 4 weeks resulted in an increase of ceramide 

levels 1.7 times in the cortex and 1.2 times in the hippocampus. In contrast, S1P levels were 

reduced of 4.6 times in the cortex, hippocampus and striatum. Moreover, higher levels of Aβ were 

observed in the brain of AD mice. Our data suggests that a efficient ER to Golgi ceramide 

transport is important to counteract ceramide accumulation in AD and to mitigate Aβ pathology in 

the brain.  
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Introduction 

Ceramide transfer proteins (CERTs) are important proteins of the sphingolipid metabolism [1-4]. 

After ceramide is synthetized in the endoplasmic reticulum (ER), CERTs extract and relocate 

ceramide to the trans-Golgi where sphingomyelin (SM) is synthesized [5, 6]. CERTs have several 

functional domains involved in this process, including a START domain that binds to ceramide, a 

pleckstrin homology domain (PH) that recognizes Golgi phosphatidylinositol 4-monophosphate, 

and a FFAT motif that interacts with the ER resident protein VAP [7, 8]. When CERTs activity is 

blocked pharmacologically or compromised genetically by mutating the START domain, SM 

synthesis is reduced within minutes [9, 10].  

Ceramide levels are elevated in brain tissue of Alzheimer disease (AD) patients, and are thought 

to play a role in the development and onset of the pathophysiology [11-13]. Ceramides with long 

acyl chains have been found to be significantly increased in AD brains, while sphingosine-1-

phosphate (S1P) and SM are decreased [14-18]. In agreement with this, the enzymes that 

synthetize ceramides are upregulated in AD [19]. Interestingly, the increase of ceramides has 

been associated with amyloid-β (Aβ) production, one of the main hallmarks of AD [20].  Abnormal 

nucleation and impaired clearance of Aβ in the brain is thought to be the initial cause of synaptic 

loss and neuronal death observed in AD [21]. It has been reported that Aβ peptides can activate 

sphingomyelinases (SMases) which promote the conversion of SM into ceramide in vitro as well 

as in vivo [22, 23]. At the same time, ceramides contribute to Aβ formation. Aβ is produced by 

cleavage of the transmembrane protein amyloid precursor protein (APP) [24, 25]. The APP 

processing unfolds in specific membrane microdomains known as lipid rafts. If the lipid rafts are 

enriched with ceramides, the activity of the β-secretase and γ-secretase, the two proteolytic 

enzymes responsible of Aβ biogenesis, are potentiated favoring the amyloid-genic pathway [24, 

26, 27]. Recently, our group demonstrated that CERTs play an important role in AD by affecting 

amyloid pathology, and by normalizing the sphingolipid misbalance which is typical of AD. We 

found that CERTs are reduced in the cortex of 5xFAD male animals at the age of 7 months and 
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consequently the ceramide species ceramide d18:1/16:0 is increased by 1.4 fold. Surprisingly, 

neuronal overexpression of CERTL the long isoform of CERTs was effective in decreasing 

ceramide 18:1/16:0 and reducing Aβ formation by affecting secretases activity. Taking together 

these findings, we hypothesized that modulation of ceramide metabolism in the brain by inhibiting 

ceramide relocation from ER to Golgi would affect sphingolipid composition worsening the typical 

ceramide imbalance observed in AD and increasing Aβ levels.  

The synthetic ceramide analog N-(3-hydroxy-1-hydroxymethyl-3-phenylpropyl) dodecanamide 

(HPA-12) is a CERTs inhibitor by competition. HPA-12 displaces endogenous ceramide and 

occupies the amphiphilic cavity in the START domain of CERTs preventing ceramide to be 

shuttled to the Golgi [10, 28]. We recently were the first to report the pharmacokinetics and in vivo 

biodistribution of HPA-12 [29]. We demonstrated that the radiolabel analogue [fluorine-18]HPA-

12 ([18F]HPA-12) was able to enter the central nervous system (CNS) and accumulate over time 

in the brain parenchyma without being completely metabolized [29].  

In this study, we report that [18F]HPA-12 accurately differentiate AD transgenic from control 

animals with a sensitivity of 85.7% and a specificity of 87,5%. Secondly, we showed that the 

unlabeled compound HPA-12, provided in a dose of 2 or 4 µg / g body weight, shifted SL 

composition in plasma and brain after 1-week treatment without showing toxic effects. Moreover, 

after 4 weeks of treatment with HPA-12, the SL shift was restricted to the brain and Aβ levels 

were increased confirming a firm connection between the SL metabolism and Aβ pathology.  
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Material and methods 

Radiotracer and drug preparation  

[18F]HPA-12 was prepared as previously described [29]. HPLC purification (1.0 mL/min, solvent 

A; 0.1% TFA in water, solvent B; CH3CN) (95% to 0% A in 15 min, 0% A to 25 min) was performed 

on a Shimadzu UFLC HPLC system equipped with a DGU-20A5 degasser, a SPD-M20A UV 

detector, a LC-20AT pump system, a CBM-20A communication BUS module, and a Scan-RAM 

radio-TLC/HPLC-detector from LabLogic using an Aeris™Widepore column (XB-C18, 3.6 μm, 4.6 

mm × 250 mm). Collected fraction was evaporated and re-suspended in control solution 

PEG400/PBS 1:4 (V/V).  Before re-suspension vehicle was sterilized by filtration and pH adjusted 

to 7.4. PEG400 / PBS was warmed up 37°C and vortexed to completely dissolve the compound. 

Unlabeled HPA-12 used for the pharmacological study was prepared also in PEG400 / PBS. HPA-

12 was administered intraperitoneally (IP) or subcutaneously (SC) for the 1-week treatment, while 

only SC for the 4-week trial. Two drug doses were tested: 2 and 4 µg / g animals given every 48 

hours. The volume injected per animal was of 0.15 mL with insulin syringes. 

Experimental design and animals 

 [18F]HPA-12 and HPA-12 were tested on 12 months old transgenic female mice (APOE4, E4FAD, 

APOE3 and E3FAD). The transgenic mice were purchased from Dr. Mary Jo LaDu (University of 

Illinois at Chicago) and bred in house as described elsewhere [30]. In the 1-week treatment study 

only APOE4 and E4FAD mice were employed and the two genotypes equally distributed in each 

experimental group (vehicle, low dose and high dose). The age of the animals that underwent 1-

week treatment was 2-3 months while the age of animals that underwent 4 weeks treatment were 

8-14 months old and housed socially on a 12-hour day-night cycle and had ad libitum access to 

food and water. All experiments were approved by the Animal Welfare Committee of Maastricht 

University and followed the laws, rules, and guidelines of the Netherlands. 
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PET imaging 

APOE4, E4FAD, APOE3 and E3FAD animals 8-12 months old were anesthetized using a 

continuous isoflurane (2.5% in O2) anesthesia protocol, while body temperature was monitored 

and maintained using an electrical heating pad. After intravenous injection of 1.8 MBq of 

radiotracer [18F]HPA-12, animals were positioned supine and data was continuously acquired for 

1 hour. PET images were acquired using a Siemens MicroPET Focus 120 (Siemens Healthcare) 

with an axial field of view (FOV) of 7.6 cm and a spatial resolution of about 1.3 mm. 

Acquired data were corrected for dead time, random coincidences and decay. Images were 

reconstructed using OSEM2D. PET images were analyzed with PMOD 3.7 software. To define 

volumes of interest (VOIs) for heart, liver, left kidney and total brain a mouse CT scan template 

was used. Time activity curves (TACs) were generated by applying VOIs to the dynamic PET 

images. TACs were normalized to injected activity and body weight to obtain the standardized 

uptake value (SUV) as an outcome measure. Tomographic images were co-registered with 

Mirroine mouse T2-MRI template to determine brain regions VOIs and co-registered to CT scan 

to mask the activity outside the brain. We report average of PET slices from 0-60 minutes 

acquisition [31, 32].  

[18F]HPA-12 Biodistribution  

One-hour post injection mice were terminally anesthetized with sodium pentobarbital (150 mg / 

kg intraperitoneal). Blood was collected from the vena cava inferior, and urine from the bladder to 

search for catabolic products of [18F]HPA-12 by means of HPLC [29]. Subsequently, mice were 

intracardially perfused for 2.5 minutes with 4°C cold Krebs buffer (121 mM NaCl, 1.87 mM KCl, 

1.17 mM KH2PO4, 1.15 mM MgSO4*7H2O, 24.9 mM NaHCO3, 1 mM CaCl2*2H2O, 11 mM glucose 

and gassed with carbogen gas for 30 minutes). 

The brain was removed, and one hemisphere was micro-dissected into brain stem, cerebellum, 

hippocampus, striatum, cortex and bulbus. For [18F]HPA-12 body distribution, the following organs 

were dissected and weighed: skin, eyes, spleen, intestines, liver, stomach, kidneys, lungs and 
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heart. The body was further divided into head, tail, and limbs-trunk. Then, radioactivity content in 

all these body parts was measured using a 2480 Wizard2 gamma counter (Perkin Elmer). Results 

were corrected for radioactive decay and expressed a percentage of total injected dose per gram 

of tissue (% ID / g). 

Sphingolipid extraction and quantification 

Sphingolipids were extracted as previously described in [2, 3] and the extraction method was 

based on the Bligh and dyer method [4]. Frozen tissue samples were weighed and homogenized 

in cold purified Millipore water (MQ, 18.2 MΩ cm) from a Milli-Q® PF Plus system (Millipore B.V., 

Amsterdam, the Netherlands). Total lipids were extracted from tissue and plasma samples by 

adding methanol (MeOH), containing Cer-C17:0, Cer-C17:0/24:1, SM-C17 and S1P-D7 (2, 2, 10 

and 0.2 μg / mL methanol; Avanti Polar Lipids) as internal standard, and 10% TEA solution 

(trimethylamine (10/90, v/v) in MeOH/dichloromethane (DCM) (50/50, v/v)). Subsequently, 

MeOH/DCM (50/50, v/v) was added to this mixture. Samples were vortexed and incubated under 

constant agitation for 30 minutes at 4°C. After incubation, samples were centrifuged at 14000 rpm 

for 20 minutes at 4°C. Supernatant was transferred to a glass vial, dried under nitrogen and 

reconstituted in MeOH before liquid chromatography-tandem mass spectrometry (LC-MSMS). 

Protein content of all brain regions samples were determined by bicinchoninic acid assay (Thermo 

Fisher Scientific, Waltham, Massachusetts, USA) according to the manufacturer’s instructions. 

An 8-point calibration curve was used to determine exact protein levels. Protein content was used 

to normalize brain sphingolipid levels for actual input. 

LC-MSMS analysis. An autosampler (Shimadzu, Kyoto, Japan) injected 10 μL brain lipid extracts 

or 5 μL plasma lipid extracts into a Shimadzu HPLC system (Shimadzu) equipped with a Kinetex 

C8 column (50 x 2.1 mm, 2.6 μm, Phenomenex, Maarssen, the Netherlands) at 30 °C using a 

gradient, starting from 95% mobile phase A (MQ/MeOH (50/50, v/v) containing 1.5 mM 

ammonium formate and 0.1% formic acid) for 2 minutes and increased to 93% mobile phase B 

(100% MeOH containing 1 mM ammonium formate and 0.1% formic acid) at 5.5 minutes. After 
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10 minutes the column is flushed with 99% mobile phase B for 2 minutes before a 2-minutes re-

equilibration. The flow rate is set at 0.25 ml / minutes and total run time is 14 minutes. The effluent 

is directed to an Sciex Qtrap 5500 quadruple mass spectrometer (AB Sciex Inc., Thornhill, 

Ontario, Canada) and analysed in positive ion mode following electrospray ionization. 

Nine-point calibration curves were constructed by plotting area under the curve, separately for 

ceramides, S1P and sphingomyelins, for each calibration standard Cer d18:1/14:0, Cer 

d18:1/16:0, Cer d18:1/18:0, Cer d18:1/18:1, Cer d18:1/24:1, Cer d18:1/24:0, S1P, SM d18:1/16:0, 

SM d18:1/18:1, SM d18:1/18:0, SM d18:1/22:0, SM d18:1/24:1, SM d18:1/24:0 (Avanti polar 

lipids, Alabaster, AL, USA; SM-C20:0 and SM-C22:0 Matreya LLC, PA, USA) normalized to the 

internal standard. Correlation coefficients (R2) obtained were > 0.99. Sphingolipid concentrations 

were determined by fitting the identified sphingolipid species to these standard curves based on 

acyl-chain length. Instrument control and quantitation of spectral data was performed using 

MultiQuant software (AB Sciex Inc.). Data for all brain regions is expressed as pmol / mg protein 

for ceramides and S1P and nmol / mg protein for sphingomyelins. Plasma data is expressed as 

pmol / ml for ceramides and S1P or nmol / ml for sphingomyelins. 

Brain protein extraction 

Brain protein extraction was performed as previously described [30]. Mice were terminally 

anesthetized with sodium pentobarbital, perfused and the brain removed and dissected into 

cortex, hippocampus and cerebellum. Each brain region was then powdered in iron mortar partly 

emerged in liquid nitrogen, and aliquoted. Frozen tissue from dissected brains was sonicated in 

about 15 volumes (w/v) of Tris buffer saline (TBS). Samples were centrifuged, and the TBS-

soluble fraction was aliquoted prior to freezing in liquid nitrogen and stored at −80 °C. The pellet 

was re-suspended in about 15 volumes of TBS buffer containing 1% Triton-X with sonicater 1 

cycle for 20 seconds. Samples were centrifuged, and the TBS-T-soluble fraction was aliquoted 

and frozen as described for TBS. The pellet was re-suspended in 70% formic acid to 150 mg/ / 

ml based on tissue weight, and mixed by rotation at room temperature for 2 h. Samples were 
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centrifuged, and the formic acid-soluble fraction was neutralized (with 20 volumes of 1 M Tris 

base), aliquoted, and frozen at −80 °C. Total protein content in the TBS and TBS-T extractions 

was determined with Bio-Rad DC (Life Science Group) protein assay following the manufacturer's 

instructions.  

ELISA  

Aβ detection. Microplates Microlon/F-shape REF 655092 (Greiner) were coated with fully 

human 3D6 [33] overnight at room temperature in coating buffer (sodium carbonate pH=9.6 0.05M 

NaCO3 in MQ water). After washing plates (washing buffer 0.05% tween- 20 in sodium phosphate 

saline buffer PBS) were blocked with 0.4% not fat dry milk and incubated with brain homogenates. 

Next plates were washed, incubated with biotinylated human 20C2 [33] and washed again. 

Finally, plates were incubated with streptavidin-HRP (Jackson ImmunoResearch Laboratories 

Europe Ltd.) and developed using 3,3',5,5'-Tetramethylbenzidine (TMB). The absorption was 

measured at 450 nm within 30 minutes of stopping the reaction with 2 M H2SO4 using the Perkin 

Elmer 2030 manager system. 

CERTs detection. In brief microplates were coated with 100 μL of polyclonal rabbit 01 (in 

house available antibody generated with the full length recombinant hCERTL, 1875bp 

NP_005704.1) (2,46 mg/mL) diluted 1:1000 using coating buffer (50 mM carbonate pH 9.6), 

sealed with a plastic sticker and incubated for 1 h at 37ºC. The standard curve was made with 

serial dilutions of recombinant CERTs, produced as previously explained [33], diluted in 10% 

BSA, 0.02% Tween-20 in PBS. Biotinylated polyclonal rabbit anti-CERTs 02 (in house available 

antibody generated with the full length recombinant hCERTL, 1875bp NP_005704.1) was used as 

detection antibody diluted 1:500 in 1% BSA and 0.02 % Tween-20 in PBS and incubated for 1 h 

at 37 ºC. The antibody rabbit 02 was biotinylated with EZ-Link Sulfo-NHS-LC-Biotin kit 

(ThermoFisher) following company recommendations. Finally, plates were incubated with 

streptavidin-HRP (Jackson ImmunoResearch Laboratories Europe Ltd.) and developed using 
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3,3',5,5'-Tetramethylbenzidine (TMB). Absorption was measured at 450 nm within 30 minutes of 

stopping the reaction with 2 M H2SO4 using the Perkin Elmer 2030 manager system.  

Statistical analysis 

All statistical analysis was performed using GraphPad Prism version 5.00 for Windows. PET and 

biodistribution data were analyzed using two-way ANOVAs, with brain regions and genotype as 

independent factor; Tukey's test was used for multiple comparisons. A p-value of <0.05 was 

considered significant. Time activity curves were tested statistically by comparing the Vmax or 

Km of the best fit values calculated with the Michealis-Menten kinetic model. A Pearson 

correlation one tail test was used to determine the relationship between radiotracer activity in the 

brain and CERT relative quantification. The diagnostic performance and accuracy of [18F]HPA-12 

was also evaluated using Receiver Operating Characteristic (ROC) curve analysis  [34]. 

Treatment effect on brain sphingolipids after 1-week or 4-week treatment was analyzed by one-

way ANOVA followed by LSD or Kruskis Wallas test followed by Dunn's Multiple Comparison 

Test. Plasma was analyzed with repeated measure ANOVA with Bonferroni posttests. 
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Results 

[18F]HPA-12 brain uptake is increased in AD transgenic animals compared to controls 

[18F]HPA-12 (injected dose per animal on average 1.8 MBq), was administered into the tail vein 

and animals were scanned for 1 hour. As shown in the time–activity curves (TACs), radioactivity 

uptake in the brain increased over time at a slow and steady rate in both APOE4 and E4FAD. 

However, the accumulation of radiotracer in the brain parenchyma of the E4FAD animals was 

greater few minutes post injection even though the TACs did not seem to differ (Figure 1A and 

B). The comparison between the two curves was carried out comparing the Vmax of the best fit 

values calculated with the Michealis-Menten kinetic model (APOE4 Vmax = 0.8306+/-0.0435; 

E4FAD Vmax = 0.9075+/-0.0096 p = 0,0716). Similar results were found in the APOE3 and 

E3FAD transgenic animals (APOE3 Vmax=0.7818+/-0,03149, E3FAD Vmax=0.9184+/-0,0719 

p=0,1655) (Supplementary figure 1A-B). 

Next, the biodistribution of [18F]HPA-12 was investigated 1.25 hours post intravenous injection in 

the tail vein in blood, urine, brain and other organs. After blood and urine collection the animals 

were intracardially perfused and organs collected for measurement of radioactivity. Dissection of 

the brain revealed a higher uptake of [18F]HPA-12 in E4FAD than in APOE4 animals (two way 

ANOVA brain region and genotype as independent factors F= 16.54 p<0.001). Mainly the 

hippocampusretained significantly higher levels of the radiotracer (APOE4  ID% / g = 0.664 +/- 

0.083; E4FAD  ID% / g = 0.919 +/- 0.197; p<0.05) (Figure 1C). No differences in uptake were 

found in the other organs analyzed: blood, eye, heart, kidneys, intestines, liver, lungs, muscle, 

skin, spleen and stomach (two-way ANOVA brain region and genotype as independent factors 

F= 2,481 p=0,1184) (Figure 1F). In line with this, uptake of [18F]HPA-12 in E3FAD brain was 

higher compared to APOE3 animals (two-way ANOVA brain region and genotype as independent 

factors F=5,255 p<0.05). However, the post-hoc analysis was not significant for any of the brain 

region dissected (N=3 animals per experimental group). Furthermore, the uptake of [18F]HPA-12 
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between APOE3 and E3FAD differed significantly in the liver (two-way ANOVA organs and 

genotype as independent factors F=7,449 p<0.01) (Supplementary figure 1F). 

To investigate if the increase of the radioactive signal found in hippocampus of the E4FAD 

animals, was caused by an increase of CERTs expression, we quantified the transporter by 

enzyme linked immunoassay (ELISA) in APOE4 and E4FAD hippocampus protein extract. The 

ELISA did not show any significant difference between the two genotypes (data not shown). 

However, the relative quantification of CERTs was correlated to the ID% / g by Pearson correlation 

test. The one-tailed test gave a significant p value of 0.043 and a positive Pearson coefficient of 

0.5243 (Figure 1F). The same experiment was performed in APOE3 and E3FAD. In this case, 

CERT concentration did not significant correlate with ID% / g (Supplementary figure 1F).  

To determine how accurately [18F]HPA-12 could distinguish the AD mice (E4FAD and 3FAD) from 

controls (APOE3 and APOE4), we ran Receiver Operating Characteristic (ROC) curve analysis with 

hippocampus biodistribution expressed in  ID% / g (Area: 0.9286; Standard deviation: +/-0.0745;      

95% confidence interval: 0.7824 to 1.075; **p= 0,0055)  [34]. The tracer with a cut off > 0.8135 had 

a sensitivity (ability of the tracer to correctly identify those with the diseased animals) of 85.7% 

and a specificity (ability of the tracer to correctly identify those without the healthy animals) of 

87.5%. The positive likelihood ratio (+LR = 6.86) was greater than 1 indicating that the radiotracer 

uptake is associated with the disease (Figure 1G). 

Our data indicate that [18F]HPA-12 brain dynamics in vivo is different in AD transgenic animals 

compared to controls, and that radioactivity measured in the hippocampus correlates with CERT 

levels suggesting that [18F]HPA-12 is probably engaging CERT. Furthermore, the diagnostic 

radiotracer had a sensitivity of 85.7% and a specificity 87,5% based on a criterion > 0.8135  ID% 

/ g. 

1-week of treatment with HPA-12 modifies sphingolipid composition in the brain and plasma 

After showing that [18F]HPA-12 may engage CERT in the brain, we tested the unlabeled HPA-12 

in vivo to investigate safety, administration route and pharmacological action on brain and plasma 
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sphingolipids. Two to 3 months old APOE4 and E4FAD mice, evenly distributed among 

experimental groups, were injected subcutaneously (SC) or intraperitoneally (IP) for one week 

every 48 hours with two doses of HPA-12, low dose 2µg / g, high dose 4 µg / g, or PEG400/PBS 

vehicle as control. Seven days before the start of the treatment, animals were weighed, and blood 

collected to estimate baseline sphingolipid composition in plasma. Blood was also withdrawn at 

the end of the experiment to assess sphingolipids shift after HPA-12 treatment (Figure 2A). We 

monitored animals’ weight, at baseline (7 days before treatment), 3 and 7 days after the first 

injection. No effect of HPA-12 was found on weight (Figure 2B) and no side effects could be 

detected when daily assessing social behavior, nesting, grooming, pain behavior and animal 

activity. The IP and SC administration route did not differ significantly in any of the measurements 

taken, so the 2 conditions were grouped together. 

After 7 days of treatment sphingolipid composition was analyzed by HPLC-MS/MS. The total 

ceramide was the sum of the ceramide species measured; Cer d18:1/14:0, Cer d18:1/16:0, Cer 

d18:1/18:0, Cer d18:1/20:0, Cer d18:1/22:0, Cer d18:1/24:0, Cer d18:1/24:118:0/16:0. Total 

sphingomyelins consisted of SM d18:1/16:0, SM d18:1/18:0, SM d18:1/18:1, SM d18:1/20:0, SM 

d18:1/22:0, SM d18:1/24:0, SM d18:1/24:1. Also levels of S1P and Sph were measured. 

We found that a low dose (2 µg / g body weight) of HPA-12 significantly reduced Sph (Figure 2C). 

Unexpectedly, in contrast to what has been reported in literature from in vitro experiments, HPA-

12 increased SM levels (Figure 2C) [9, 10]. Levels of all ceramide species and S1P were not 

affected by HPA-12 treatment (Figure 2C).  

In plasma HPA-12, both at low and high dose regimen, significantly reduced total ceramide and 

S1P levels after 7 days administration. In contrast to findings in the brain no changes were found 

in plasma levels of Sph and total sphingomyelins (Figure 2D). 

Our data indicates that HPA-12 i) can be administered safely for 1-week both SC or IP leading to 

similar pharmacology ii) at the dose 2 µg / g and 4 µg / g every 48 hours for 1-week was safe, iii) 
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treatment for 1-week is enough to cause a sphingolipid shift in brain and plasma dependent on 

the dose administered.  

4-weeks low dose treatment of HPA-12 decreased S1P in cortex hippocampus and striatum 

Next, we tested the long-term effect of HPA-12 in older APOE4 and E4FAD (8-14 months). Both 

a low and a high dose was given for 4-weeks again every 48 hours subcutaneously. (Figure 3A 

and B).  

The effect of long-term treatment with HPA-12 differed significantly from the effect of short-term 

treatment. After 4-weeks of low dose treatment with HPA-12, S1P levels decreased in cortex, 

hippocampus and striatum, but not in the cerebellum. In the cerebellum the high dose decreased 

S1P. Sph remained unchanged in cortex hippocampus and striatum while in the cerebellum the 

low dose treatment with HPA-12 increased the Sph levels. Both doses of HPA-12 did not change 

total sphingomyelins levels. The low dose also increased ceramides in the cortex (Figure 3C). 

The high dose had similar effect but with lower potency. The circulating sphingolipids in plasma, 

were not affected by the CERT inhibitor, independently of dose and time of treatment. 

Our results indicate that 4 weeks exposure to HPA-12 has a different impact on sphingolipid 

metabolism in the brain compared to short term administration. S1P was consistently reduced in 

cortex, hippocampus and striatum.  

HPA-12 increases TBS soluble Aβ after 4-weeks treatment 

Our group has previously shown that potentiating the ceramide trafficking to the Golgi attenuates 

the pathological ceramide increase typical of AD and reduces Aβ levels by reducing secretase 

activity. Furthermore, since synthetic ceramide analogues have been associated with secretases 

activity and Aβ production [35, 36], we next investigate the effect of HPA-12 on amyloid pathology 

in AD mice. We found an increase in Aβ of 117% in the TBS soluble fraction (p<0.05) and of 47% 

in the TBS-T soluble fraction of total brain homogenates (*p<0.05). No changes were found in the 

FA insoluble fraction (Figure 4).   
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Discussion 

Our data reveals that ceramide analogues like [18F]HPA-12 have a different brain biodistribution 

in AD animals compared to controls. Furthermore, HPA-12 treatment for 4 weeks shifted the 

sphingolipid metabolism towards ceramide accumulation and decrease of S1P synthesis. This 

global sphingolipid change in the brain worsened the amyloid pathology confirming our hypothesis 

that impaired ceramide transport from the ER to the Golgi may be implicated in AD 

pathophysiology. 

We have demonstrated before that [18F]HPA-12 can reach the brain intact, but the question 

whether the PET tracer could be used to diagnose the sphingolipid pathology in AD remained 

unclear to date [29]. Here, we report that the [18F]HPA-12 in vivo dynamics is different in control 

and AD brains. The statistical analysis revealed that the largest difference in [18F]HPA-12 uptake 

was in the hippocampus when comparing control and AD animals. Importantly, we proved a 

significant positive correlation between CERTs concentration and hippocampal uptake of the 

radioactive tracer, suggesting that [18F]HPA-12 is likely engaging CERTs in the brain.  

We showed before in the cortex of 7 months old male 5xFAD mice that CERTs are decreased 

compared to control mice. Furthermore, the gene expression analysis of CERTs showed that it is 

down regulated in 2 transgenic models of AD at 8 months of age. This is in apparent contradiction 

with the increased uptake of CERTs radiotracer in AD mice. There are at least three possible 

explanations for these discrepant observations. First, we tested animals at 12 months of age in 

the current study, with different genetic background and sex. It has been reported before by our 

group and others that sex, age and brain region can affect the sphingolipid metabolism and the 

expression of proteins involved in the pathway [37, 38]. Second, the HPA-12uptake in the brain 

could be affected by blood brain barrier damage typical of AD when they age and by the APOE 

genotype. Third, the radiotracer could behave more as metabolic probe more than as a probe for 

CERTs detection. This would imply that there is difference in [18F]HPA-12 uptake in AD mice 

because of intensified sphingolipid metabolism or change in sphingolipid transport in the brain 
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when compared to control. In fact, [18F]HPA-12 was able to accurately differentiate AD mice from 

control with a sensitivity of 85.7% and a specificity 87.5%.  

However, to propose [18F]HPA-12 as a diagnostic tool in AD is still premature. First, the lipophilic 

nature of the radiotracer remains a limiting factor, because the clearance from the brain is 

extremely slow and the possibility of unspecific binding remains high. In fact, one hour post 

injection [18F]HPA-12 is still building up in the brain. An analogue tracer with same target but with 

faster uptake and brain clearance would be desirable. There are new generation of CERTs 

inhibitors with even higher affinity and more hydrophilic nature that could be used for this purpose 

[28]. Second, the animals were tested at late stages of the disease when the AD pathology is 

extremely severe. A study with younger animals to prove that the approach is relevant also at 

initial stages of the disease is desirable. 

Next, we tested the HPA-12 in vivo for 1 week or 4 weeks under 2 dose regimens, low dose (2 µg 

/ g) and high dose (4 µg / g), with subcutaneous administration every 48 hours. The 2 doses had 

different pharmacology. While the low dose was effective in altering the sphingolipid homeostasis 

both in short and long term administration, the high dose had a minor impact in long term 

administration. Generally, the reduction in drug efficacy overtime is associated with 

pharmacological tolerance to the treatment. This pharmacological process that takes place after 

repeated administration of a drug may have occurred faster under the high dosage. However, 

more data about pharmacokinetic and pharmacodynamics properties of the compound should be 

produced to completely understand the different effect of the doses in long term treatment.  

After short-term administration, the CERTs inhibitor did not decrease SM levels like previously 

reported on cell-based assay [9, 10] but increased SM levels in the brain. The cell-based assays 

were conducted using radioactive precursors of the de novo sphingolipid metabolism which would 

enter the pathway and be incorporated to downstream metabolic products now radiolabeled. 

However, this method would overlook how the cells would adjust to the CERTs inhibition by 

compensatory mechanism triggering for instance the salvage and/or recycling pathway on 
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endogenous sphingolipid not radiolabeled. A second explanation is that, the drug in vivo could 

have secondary targets before and after metabolic processing of the molecule. Also, other drugs, 

resembling sphingolipids were found to have more than one target in the pathway.  For instance, 

FTY720 is known to act on S1P receptors, inhibit SMase and inhibit ceramide synthase [39, 40]. 

Long-term administration of HPA-12 increased ceramide levels 1.7x fold in the cortex and 1.2x 

fold in the hippocampus while, S1P levels were reduced 4.6x fold in cortex, hippocampus and 

striatum. We speculated before that inhibition of ceramide trafficking to the Golgi could worsen 

the ceramide pathology in AD and HPA-12 treatment confirmed this hypothesis. In fact, HPA-12 

shifted the sphingolipid metabolism not only favoring ceramide accumulation but also decreasing 

S1P, bioactive molecule known to be neuroprotective [41].  

We further confirmed the detrimental effect of inhibiting ceramide transfer to the Golgi in AD 

pathology, by showing an increase of the Aβ peptide in the soluble fractions and not in the formic 

acid insoluble fraction. Since the HPA-12 treatment caused an elevation of ceramide species, we 

propose that the increase of soluble Aβ species is caused by enhance β and γ secretase activity. 

In fact, it has been previously reported that ceramide analogues can stabilize and enhance 

secretases activity [35, 42]. Besides stabilizing secretase activity, ceramide can contribute to Aβ 

formation by translocating the secretases to the primary location of amyloid-genesis [43]. So, our 

data suggests that HPA-12 action on sphingolipid composition could favor one of these 

processes.  

In conclusion, the CERTs inhibition mediated by HPA-12 did not decrease SM levels like 

previously reported probably due to compensatory mechanism or secondary target of the 

compound. S1P was strongly reduced about 4.6x while ceramide was elevated 1.2-1.7x in the 

brain by HPA-12 long-term treatment. The drug also worsens the Aβ pathology. Our findings 

indicates that the ER to Golgi ceramide trafficking could be a potential target in AD. Further 

investigation on what is causing the defective CERT activity in AD and the discovery of how CERT 
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activity is regulated in physiological and pathological condition could unreveal new targets, 

opening research for new intervention strategies for AD and other neurodegenerative diseases. 
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Figures 

 

Figure 1. [18F]-HPA-12 brain uptake is increased in E4FAD transgenic animals compared to 

APOE4. A) Averaged sagittal and coronal brain slices from PET images of E4FAD and APOE4 
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representative animals acquired over 60 minutes co-registered with CT scan depicting brain 

uptake in APOE4 and E4FAD. B) Time activity curves (TACs) of APOE4 and E4FAD brains 

expressed as standardized uptake value (SUV). The curves are the means ± S.E.M of data from 

n=3 mice. C) [18F]HPA-12 uptake 1.25 hours post injection in brain stem, cerebellum, cortex, 

hippocampus and bulbus. All values were normalized for tissue weight, radioactive decay and 

injected dose (ID% / g). Bars represent the means ± S.E.M of APOE4 N=5 and E4FAD N=6 (two-

way ANOVA, Bonferroni correction, *p < 0.05). D) The uptake of [18F]HPA-12 measured in blood, 

eye, heart, kidneys, intestines, liver, lungs, muscle, skin, spleen and stomach. Bars represent the 

means ± S.E.M of APOE4=5 and E4FAD=6 (two-way ANOVA, Bonferroni correction). E) 

Correlation between radioactive counts in the hippocampus and CERTs relative values quantified 

by ELISA (Pearson= 0,5243, one tail t-test p=0.0489). F) ROC curve plotted with the true positive 

rate (Sensitivity %) in function of the false positive rate (100-Specificity %) for different cut-off points 

(criterion). Each point on the ROC curve represents a sensitivity/specificity pair corresponding to a 

decision threshold. 
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Figure 2. 1-week treatment of HPA-12 modifies sphingolipid composition in the brain and 

plasma. A-B) 7 days before starting HPA-12 treatment the APOE4 and E4FAD were weighted 

and a blood sample was collected. Animals were weighted again 3 days and 7 days after start of 

the treatment. Total brain (C) and plasma (D) sphingolipids measured by HPLC-MS/MS analysis 

and expressed as pmol / mg tissue. Sphingolipid were categorized in total ceramides, S1P, Sph 

and total sphingomyelins.  Bars represent the means ± S.E.M of N=8 per group (one-way ANOVA, 
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LSD post hoc test, significant treatment effect, low dose vs control #p<0.05 and high dosage vs 

control *p<0.05).  
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Figure 3. 4-weeks low dose treatment of HPA-12 decreased S1P in cortex, hippocampus 

and striatum of APOE4 and E4FAD. A-B) HPA-12 at low (2 µg / g animal) and high dose (4 µg 

/ g animal) was given to APOE4 and E4FAD animals for 4 weeks at the age of 8-14 months. Blood 

was collected 3 times for sphingolipid measurements in plasma. Animals’ weight was assessed 

every week and no statistical difference were found because of treatment. C) The cortex, 

hippocampus, striatum and cerebellum levels of total ceramides, S1P, Sph and total 

sphingomyelins levels. Data was analyzed by Kruskis Wallis test followed by Dunn's multiple 

comparison test (Control N=17; Low dose n=8; High dose n=17). D) Plasma levels of 

sphingolipids at baseline, 1.5 weeks and 4 weeks after treatment. Data was analyzed with 

repeated measures ANOVA followed by Bonferroni test (Control n=17; Low dose N=8; High dose 

n=17) 
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Figure 4. HPA-12 increases soluble Aβ levels in the hippocampus of AD animals. Aβ 

quantification in hippocampus homogenate extracted in three buffers, TBS, TBS-T and formic 

acid (FA) by enzyme-linked immunoassays. Means of each fraction were compared with unpaired 

t test (Control N=10; HPA-12 N=13; *p<0.05) 
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Supplementary material 

 

Supplementary figure 1. [18F]-HPA-12 brain uptake is increased in E3FAD transgenic 

animals. A) Averaged sagittal and coronal brain slices from PET images of E3FAD and APOE3 

representative animals acquired over 60 minutes co-registered with CT scan depicting brain 

uptake in APOE3 and E3FAD.B) Time activity curves (TACs) of APOE3 and E3FAD brains 

expressed as standardized uptake value (SUV). The curves are the means +/-S.E.M. of data from 

n=3 mice. C) [18F]HPA-12 uptake 1.25 hours post injection in brain stem, cerebellum, cortex, 

hippocampus and bulbus. All values were normalized for tissue weight, radioactive decay and 

injected dose (ID% / g). Bars represent the means ± S.E.M of APOE3 N=3 and E3FAD N=4 (two-

way ANOVA, Bonferroni correction, *p < 0.05). D) The uptake of [18F]HPA-12 measured in blood, 
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eye, heart, kidneys, intestines, liver, lungs, muscle, skin, spleen and stomach. Bars represent the 

means ± S.E.M of APOE3 N=3 and E3FAD N=4 (two-way ANOVA, Bonferroni correction, 

*p<0.05).  
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Abstract 

Fingolimod or FTY720 is a drug that resembles sphingosine-1-phosphate (S1P) chemical 

structure and bioactivity. In vivo phosphorylation activates FTY720, which modulates S1P 

receptors, triggering cell survival as well as immunosuppressive signaling. Recently, a metabolic 

shift favoring ceramide over S1P formation in the brain has been proposed to play an important 

role in amyloid-β formation, neuroinflammation and neuronal apoptosis in Alzheimer’s disease 

(AD) pathophysiology. Therefore, we hypothesize that by increasing S1P levels by means of 

FTY720, we can interfere with the memory impairment and neurodegenerative processes 

observed in transgenic mice models of AD. Here, we present the behavioral analyses of a 

prevention study where two doses of Fingolimod (0.1 mg / kg and 0.5 mg / kg) were evaluated in 

a female cohort of AD transgenic mice (E4FAD, E3FAD) and control mice (APOE4, APOE3). 

Drug efficacy was tested in memory, anxiety and locomotor behavioral paradigms. The analysis 

suggested that especially the low dose of FTY720 mildly prevented memory impairment in E4FAD 

and reduced anxiety behavior in APOE4 mice. On cerebral sphingolipids, Fingolimod shifted the 

pathway towards reduction of ceramide especially in the cortex. Our data are supportive of 

targeting the sphingolipid metabolism as a valid pathway for developing new therapeutic drugs 

for AD. 
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Introduction 

Alzheimer’s disease (AD) is multifactorial neurodegenerative disorder characterized primarily by 

amyloid-β (Aβ) extracellular aggregates visualized as plaques and intracellular neurofibrillary 

tangles (NFT) composed by hyper-phosphorylated tau [1-3]. Progressive neurodegeneration in 

specific brain regions leads to learning and memory impairment and changes in emotional 

behaviour [4].  

In the last years, a metabolic shift favoring the production of ceramide (Cer) over sphingosine 1-

phosphate (S1P) synthesis in the brain has been established to play a role in amyloid formation, 

neuroinflammatory reactions and neuronal apoptosis in AD pathophysiology [5-7]. On one side, 

the genes involved in the regulation of the sphingolipid pathway responsible for ceramide (Cer) 

production are upregulated [8, 9]. On the other hand, the enzyme synthetizing S1P is down 

regulated in AD brain [10]. The consequence of this metabolic shift is believed to be two folded: 

first, the apoptotic signalling mediated by Cer is more active at disadvantage of protective 

signalling through S1P [11, 12]; second, the amyloidogenic APP cleavage mediated by the 

proteolytic enzymes β and γ secretase is potentiated and stabilized by Cer favouring Aβ 

production [13, 14]. Together, this misbalance contributes to the pathogenesis of AD and 

suggests that targeting this pathway may be beneficial to fight disease. 

Fingolimod or FTY720 is a sphingosine analog with a potent immunosuppressive activity [15]. It 

is now successfully used in the clinic for the treatment of multiple sclerosis but for its broad mode 

of action is suggested to be repurposed for new therapeutic applications in other 

neurodegenerative diseases. To exert its immunosuppressive activity the drug requires to be 

phosphorylated in vivo by the sphingosine kinase (SPHK) to form the active moiety [16]. 

Fingolimod, once phosphorylated, binds to S1P receptors causing internalization and degradation 

of specifically the S1PR1 receptor, which causes primarily lymphopenia in vivo [16], limiting the 

number of activated circulating lymphocytes  
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Interestingly, in vitro and in vivo data suggest that FTY720 are modulators of Aβ production 

independently from S1P receptors activation. Cell based assays demonstrated that Fingolimod 

reduced γ-secretase-mediated cleavage of APP thus attenuating Aβ release in the medium [17]. 

Furthermore, intraperitoneal injection of Fingolimod for 6 days protected from Aβ-induced memory 

impairment and neural damage [18]. In alignment to this, Fukumoto et al., found that oral 

administration of Fingolimod ameliorated memory impairment and associative learning in mice 

injected with amyloid peptides [19]. In 3 month old 5xFAD mice as a model for severe AD, 

Fingolimod decreased plaque density as well as soluble plus insoluble Aβ measured by enzyme-

linked immunosorbent assay [20]. Furthermore, FTY720 decreased astrocytic activation (marked 

by GFAP staining) and the number of activated microglia [20]. Van Doorn et al. also showed the 

ability of Fingolimod to counteract the Cer induced endothelial barrier alterations [21]. Hence, we 

hypothesize that Fingolimod administration could have a four folded beneficial effect, i) restore 

the sphingolipid misbalance typical of AD, ii) ameliorate Aβ pathology, iii) attenuate 

neuroinflammation iii) and improve thereby memory impairments in transgenic mice models of 

AD. 

Here, we present the behavioral and brain sphingolipid analysis of a prevention study where two 

doses (0.5 mg/kg and 0.1 mg/kg) of Fingolimod were evaluated. The drug was tested in a female 

cohort of AD transgenic mice (E3FAD, E4FAD) and control mice (APOE3, APOE4) [22]. Our 

behavioral data suggested that Fingolimod improves memory performance in E3FAD and E4FAD. 

Especially the low dose of Fingolimod attenuated anxiety behavior in APOE4 animals’ and the 

sphingolipid analysis showed a shift of the sphingolipid metabolism towards a decrease of Cer 

formation. 

Our data indicates that S1P analogs, like Fingolimod, are effective in preventing AD symptoms, 

not only by agonist effects on S1P receptors but also acting on the Cer metabolism. Sphingolipid 

analysis of different brain regions showed that Fingolimod shifted the sphingolipid pathway 

towards Cer reduction and SM increase, especially in the cortex. 
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Materials and methods 

Drug preparation 

The drug FTY720 was kindly provided by Barbara Nuesslein-Hildesheim, Novartis Pharma AG 

Basel, Switzerland in powder form. A stock of FTY720 (FTY720 1 mg / mL in MQ water) was 

prepared every two weeks and stored at 4 ºC. For daily administration by oral gavage the final 

dosing concentrations were prepared by diluting the stock in MQ water and used for maximum 

one week and stored at 4 ºC. In this study, two doses were tested: high dose (0.5 mg / kg / day) 

and low dose (0.1 mg / kg / day); MQ water was used as vehicle and control. 

Animals  

APOE3, E3FAD, APOE4 and E4FAD were purchased from Dr. Mary Jo LaDu (University of Illinois 

at Chicago) and bred in house as previously explained [22]. Female mice, used in this study,  

were housed socially on a reverse 12-hour day-night cycle and had ad libitum access to food and 

water. Drug administration started at 2.5 months of age and lasted for 15 weeks. Behavior testing 

started at 6 months of age of the animals. Animal numbers of the study are reported in 

Supplementary table 1. All experiments were approved by the Animal Welfare Committee of 

Maastricht University and followed the laws, rules, and guidelines of the Netherlands. 

Behavioral procedures 

Water maze (WM) was performed to assess spatial memory as previously described [23-25]. 

In brief, animals were placed in water tank which consists of a circular black tub (Material: 

polyethylene; dimensions: diameter 81 cm) filled with clear tap water at a temperature of 

approximately 25°C and challenged to escape through a hidden platform consists of a black 

polyethylene cylinder (diameter 5 cm) which was submerged 0.5 cm below the surface of the 

water. Initially, mice were trained to find the platform over 4 trials/day (10-min intertrial interval, 

maximum trial duration of 60 seconds, with 3 seconds on the platform at the end of each trial) for 

four days. Animals that failed to find the platform within 60 seconds were placed on the platform 
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for about 3 seconds. Finally, a probe trial was given 24 hours after the last training trial. In the 

probe trial the platform was removed, and latency to platform area and the time spent in the target 

quadrant was measured with tracking system (Ethovision Pro, Noldus Information Technology). 

Y-maze spontaneous alternation (AYM)  was conducted to assess spatial working 

memory. Mice were placed randomly in one of the three arms of the Y-maze and were left free to 

explore the arena for 6 minutes. The number of arm entries and the number of triads are recorded 

to calculate the percentage of alternations to measure working memory.  

Open field (OF) task was performed as described elsewhere [26]. Briefly, locomotion activity 

was assessed in a square divided into 4 equal arenas. At the start of a trial, the animals were 

placed in the center of each arena. The total distance traveled was measured under low light 

conditions by a video camera connected to a video tracking system (Ethovision Pro, Noldus 

Information Technology). 

Elevated zero-maze (EZM) was used to measure anxiety. It consists of a circular runway 

which is divided equally into two opposite open and two opposite enclosed arms. The mice were 

placed into one of the open arms and allowed to explore the maze over a period of 5 minutes. 

The total and relative duration and distance traveled in the open and enclosed arms were 

measured in the dark via an infrared video camera connected to a video tracking system 

(Ethovision Pro, Noldus Information Technology). 

Sphingolipid analysis 

Lipid extraction. Sphingolipids were extracted as previously described in [2, 3] and the 

extraction method was based on the blight and dyer method [4]. Frozen tissue samples were 

weighed and homogenized in cold purified Millipore water (MQ, 18.2 MΩ cm) from a Milli-Q® PF 

Plus system (Millipore B.V.). Total lipids were extracted from tissue and plasma samples by 

adding methanol (MeOH), containing Cer-C17:0, Cer-C17:0/24:1, SM-C17 and S1P-D7 (2, 2, 10 

and 0.2 μg/mL methanol; Avanti Polar Lipids) as internal standard, and 10% TEA solution 

(trimethylamine (10/90, v/v) in MeOH/dichloromethane (DCM) (50/50, v/v)). Subsequently, 
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MeOH/DCM (50/50, v/v) was added to this mixture. Samples were vortexed and incubated under 

constant agitation for 30 minutes at 4°C. After incubation, samples were centrifuged at 14000 rpm 

for 20 minutes at 4°C. Supernatant was transferred to a glass vial, dried under nitrogen and 

reconstituted in MeOH before liquid chromatography-tandem mass spectrometry (LC-MSMS). 

Protein content. Protein content of all brain regions samples were determined by bicinchoninic 

acid assay (Thermo Fisher Scientific, Waltham, Massachusetts, USA) according to the 

manufacturer’s instructions. An 8-point calibration curve was used to determine exact protein 

levels. Protein content was used to normalize brain sphingolipid levels for actual input. 

LC-MSMS analysis. An autosampler (Shimadzu) injected 10 μL brain lipid extracts or 5 μL 

plasma lipid extracts into a Shimadzu HPLC system (Shimadzu) equipped with a Kinetex C8 

column (50 x 2.1 mm, 2.6 μm, Phenomenex) at 30 °C using a gradient, starting from 95% mobile 

phase A (MQ/MeOH (50/50, v/v) containing 1.5 mM ammonium formate and 0.1% formic acid) 

for 2 minutes and increased to 93% mobile phase B (100% MeOH containing 1 mM ammonium 

formate and 0.1% formic acid) at 5.5 minutes. After 10 minutes the column is flushed with 99% 

mobile phase B for 2 minutes before a 2-minute re-equilibration. The flow rate is set at 0.25 ml/min 

and total run time is 14 minutes. The effluent is directed to a Sciex Qtrap 5500 quadruple mass 

spectrometer (AB Sciex Inc.) and analysed in positive ion mode following electrospray ionization. 

Nine-point calibration curves were constructed by plotting area under the curve, separately for 

ceramides, S1P and sphingomyelins, for each calibration standard Cer d18:1/14:0, Cer 

d18:1/16:0, Cer d18:1/18:0, Cer d18:1/20:0, Cer d18:1/22:0, Cer d18:1/24:1, Cer d18:1/24:0, S1P, 

SM d18:1/16:0, SM d18:1/18:1, SM d18:1/18:0, SM d18:1/22:0, SM d18:1/24:1, SM d18:1/24:0 

(Avanti polar lipids, Alabaster, AL, USA; SM-C20:0 and SM 18:1/22:0 Matreya LLC) normalized 

to the internal standard. Correlation coefficients (R2) obtained were > 0.99. Sphingolipid 

concentrations were determined by fitting the identified sphingolipid species to these standard 

curves based on acyl-chain length. Instrument control and quantitation of spectral data was 

performed using MultiQuant software (AB Sciex Inc.). Data for all brain regions is expressed as 
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pmol / mg protein for ceramides and S1P and nmol / mg protein for sphingomyelins. Plasma data 

is expressed as pmol / ml for ceramides and S1P or nmol/ml for sphingomyelins. 

FTY720 and FTY720-phosphorylated (FTY720-P) determination in plasma and brain 

FTY720 and FTY720-P concentrations in plasma and brain were determined by UHPLC-MS-MS. 

From each blood sample, a 20 µL aliquot was transferred to Eppendorf tubes and diluted with 

50% acetonitrile. Stable isotope labelled internal standards were added ( 10 µL c = 400 ng/mL) 

and proteins were precipitated by adding 280 µL of a solvent mixture containing 40% acetonitrile, 

30% methanol and 30% trichloromethane.  

To spinal cord samples 20 µL 5% BSA in PBS, 10 µL internal standard and 500 µL of the 

precipitation mix, described above, was added to homogenization tubes, filled with ceramic beads 

of 1.4 mm diameter. Homogenization was performed with a Precellys 24 system in three steps of 

30 seconds each and a 30 seconds pause between each step.  

The stable isotope labelled internal standard was added to each calibration, quality control and 

recovery control sample, except blank samples. After vortexing and sonication, the precipitated 

proteins and residuals were separated by centrifugation. The upper, organic layer was transferred 

to eppendorf tubes and evaporated to dryness using a SpeedVac concentrator. After per-

acetylation with acetic acid anhydride in pyridine and after evaporation to dryness, the residues 

were dissolved in 60 µL methanol containing 0.2% formic acid by vortexing and sonication. After 

centrifugation, 55 µL of the supernatant was transferred to HPLC-µVials and held at 15°C until 

analysis. 

For the quantitative determination an Agilent 1290 UHPLC-system, directly coupled to the AP-

ESI source of an Agilent 6490QQQ mass spectrometer. For separation, 5 µL of each sample was 

injected onto an Acquity UPLC BEH C18 2.1 x 50 mm column, held at 50 °C and filled with 1.7 

µm particles. A linear gradient from 50 % B in A to 100 % B within 4.5 min at a flow rate of 200 

µL / min was applied. Solvent A was 5 mM ammonium acetate in water/acetonitrile/methanol 

8/1/1, containing 0.02% acetic acid and B was acetonitrile/methanol 1:1 containing 0.02 % acetic 
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acid. For detection, the column effluent was directly guided to the electrospray source of the triple 

quadrupole MS with parameters optimized for FTY720-P. The FTY derivative was detected in 

positive mode, whereas for FTY-P derivative the negative ion mode was selected, using the MRM 

transitions 434.3 m/z > 255.1 m/z, 374.2 m/z for FTY respectively 512.2 m/z > 470.2 m/z, 410.3 

m/z for FTY720-P. 

For calculation an external standard method using a not weighted, linear regression for FTY720 

and polynomial, 1/x weighted regression for FTY720-P was used. The quality parameters of the 

methods are summarized in the Supplementary table 2. 

Fluorescence-activated cell sorting (FACS)-analysis  

Peripheral blood leukocytes sorted and determined from blood samples as previously explained 

[27, 28]. Absolute circulating leukocyte subset numbers were determined by flow cytometry 

calibrated using Trucount Beads (BD). Leukocytes were defined as CD45+ (clone 30F-11, 

Biolegend). 

Statistics 

Behavioral analysis.  Outcome parameters were analyzed with IBM SPSS Statistics for 

Windows version 23.0 with a two-way ANOVA with genotype and treatment as independent 

factors and post hoc analysis was followed with Fisher's least significant difference (LSD) or 

Tukey HSD test (when more than 3 pairwise comparison). If outcome were not normally 

distributed the data were analyzed with Jonckheere-Terpstra test followed by Dunn’s test [29]. or 

to evaluate if specific experimental groups performed above chance level one sided t- test (if 

normally distributed) or Wilcoxon signed rank test was applied. Latency outcome was also 

analyzed by Cox regression modelling to cope with animal that failed to escape during the given 

time for the trials (60 seconds) [30]. A p-value of <0.05 was considered significant. A significance 

change in genotype was indicated by * p< .05, ** p<.01 or *** p<.001 and treatment effects were 

indicated by $ p< .05, $$ p<.01 or $$$ p<.001. 
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Sphingolipid level analysis.  Sphingolipid data are expressed as mean ± standard error of 

the mean. Extreme values identified by the Dixon-test (α=0.05) were excluded from the dataset 

[31]. All outcome parameters were analyzed with IBM SPSS Statistics version 24.0. 

Cerebral sphingolipids.  All measured sphingolipid species were analyzed separately for the 

different brain regions with a two-way ANOVA with genotype and treatment as independent 

factors followed with Bonferroni post hoc analysis. A Helmert contrast was used to first identify 

the effect of Fingolimod treatment versus no treatment and subsequently to compare the high 

dose to the low dose regiment. To further explore the effect of treatment on sphingolipid levels, 

we stratified the data for genotype and performed a one-way ANOVA with treatment as only factor 

followed with Bonferroni post hoc analysis. Additionally, we added a contrast to identify the overall 

effect of treatment on sphingolipid levels followed by identification of a dose-response effect. After 

correction for testing multiple parameters with the Benjamini-Hochberg procedure (FDR = .05) a 

p-value of <0.015 was considered significant. A significance change in genotype was indicated 

by * p< .015, ** p<.01 or *** p<.001 and treatment effects were indicated by $ p< .015, $$ p<.01 

or $$$ p<.001. 
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Results 

Fingolimod low and high dose reduced circulating leucocytes 

Animal welfare was assessed on a daily basis by expert personnel and no abnormalities were 

found on social behavior, nesting, grooming, pain behavior and animal activity. Furthermore, a 

significant increase of weight in time was observed in all groups suggesting that mice well 

tolerated both the treatment and the daily oral gavage for 15 weeks (Figure 1A). Fingolimod is 

known to reduce leukocyte migration to the CNS by diminishing the circulating leukocytes. 

Therefore, CD45+ cells were measured by flow cytometry in the blood at the end of the 

experiment to establish if both low and high dose affected circulating white blood cells. We found 

that both treatment regimens decreased the number of CD45+ positive cells (Figure 1B). 

Surprisingly, we found also a genotype dependent effect on leukocytes counts. The hAPOE4 

carriers had a reduced number of leukocytes depicted only in the control groups (Figure 1B).   

Even though it has been reported before that ApoE proteins can affect circulating leukocytes when 

there is plasma ApoE accumulation [32] the mechanism through which ApoE4 diminishes CD45+ 

is unclear. Next, we quantified Fingolimod (FTY720) and the phosphorylated form (FTY720-P) in 

blood and brain tissue to ensure correct dosing of the drug. On average, 68% of the blood 

circulating FTY720 was phosphorylated while in the brain the 88% was (Figure 1C).  

Fingolimod improved memory in AD mice 

Fingolimod has been proven to be effective in rescuing Aβ induced acute hippocampal damage 

in learning and memory tests [18, 19]. So, we extended these findings by testing AD transgenic 

animals (E3FAD and E4FAD) and controls (APOE3 and APOE4). Experimental groups size for 

each condition is reported in Supplementary table 1. Animals were subjected to the water maze 

(WM) to investigate hippocampal circuitry function.  

We found that in the probe trial E4FAD mice retrieved the platform position slower than APOE3 

mice (p<0.01) E3FAD mice (p<0.01) and APOE4 mice (p<0.05) even though all groups had 
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similar velocity (Figure 2A). Nevertheless, E3FAD mice did not show a significant difference when 

compared to their controls APOE3 mice (Figure 2A).  

We analyzed the dose response in the learning phase and probe trial for AD genotypes (Figure 

2B). The most interesting finding was that the low dose especially affected learning and memory 

retrieval of E4FAD animals (Figure 3D). At day 4, a significant difference in performance was 

found comparing medians values of control and the low dose group (p<0.05). Furthermore, the 

median latency differed also on the probe trial when running a Wilcoxon test between control and 

low dose group (p=0,0158; control: median = 57,06, low dose: median = 36,80).  

Antje et al., proposed an alternative approach for statistical analyses of latency outcomes using 

cox regression analysis. The method proposed has less distributional assumptions and 

adequately handles results of trials in which the performance measure did not occur within the 

trial time. Furthermore, the method provides comprehensible statistical results and allows the 

generation of meaningful graphs (Figure 2C). The results showed that the low dose increased 

the number of animals that found the platform in E4FAD groups (HR=1.821 95%-CI 0.869-3.816) 

as reported in (Supplementary Table 2). We analyzed the percentage of time spent in the target 

quadrant compared to chance level that was set to 25 % since the maze was divided into 4 

quadrants. The analysis showed again that the high dose improved memory performance in 

E3FAD while the low dose improved memory in the E4FAD animals (Figure 2D). Also, the number 

of times the animals crossed the platform area was 1.9 x higher in the low dose group of E4FAD 

compared to control (Figure 2E). 

As second memory paradigm, we performed the Alternate Y-maze (AYM) to assess spatial 

working memory. No differences in spontaneous alternation between genotypes was found in this 

test. However, the low dose significantly increased the percentage of correct triades in the E4FAD 

genotype (Figure 2F). 
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Fingolimod increased locomotion in AD animals and decreased anxiety in the APOE4 mice 

The open field (OF) test is a locomotor test based on the natural tendency of an animal to explore 

their environment that measures the distance traveled. When analyzing distance traveled over 20 

minutes trials we found a strong genotype effect due to APOE background. The APOE4 carriers 

traveled significantly less than the APOE3 carriers (***p<0.001) E3FAD and E4FAD treated with 

high dose FTY720 traveled longer distances than the control groups (*p<0.05) (Figure 3A). This 

suggests that the drug is affecting locomotion by increasing mobility both in APOE4 and E4FAD, 

even if E4FAD seems to have a greater benefit. 

To measure anxiety, we used the elevated zero maze (EZM). Fingolimod reduced anxiety in the 

APOE4 mice independently from dose (Figure 3B). 

Fingolimod decreases Cer and increases S1P and SM depending on brain region 

Although Fingolimod has been repurposed before in AD animal models, for its neuroprotective 

function or for its action on activated glia cells, the drug action on sphingolipid composition in the 

brain was never investigated. Using HPLC-MS/MS we found that Fingolimod shifted sphingolipid 

composition in the brain. In the hippocampus, total levels of Cer were not significantly affected by 

treatment. We found, nevertheless, that E4FAD had lower total Cer levels compared to E3FAD in 

this region. We registered an effect of the drug on S1P and SM 18:1/20:0. The S1P levels were 

1.8 x increased in E3FAD mice, under the low dose-, and 2x, under the high dose treatment, 

compared to the control group, even though statistical analysis did not yield a significant effect. 

In E4FAD groups instead, the post-hoc testing was significant, S1P was 1.6x higher in the low 

dose group compared to the control group. Additionally, SM d18:1/20:0 was elevated in E4FAD 

drug treated groups 1.5 x-3.2 x normalized to control.  

In the cortex, Fingolimod had a greater impact on sphingolipid levels in E3FAD animals than in 

E4FAD. We measured a significant decrease of Cer d18:1/16:0, Cer d18:1/20:0, Cer d18:1/22:0, 

Cer d18:1/24:0 and Cer d18:1/24:1 in low dose treated E3FAD groups. Treatment with the high 
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dose of Fingolimod reduced levels of the following Cer species: Cer d18:1/16:0, Cer d18:1/24:0 

and Cer d18:1/24:1.  

Our data indicates that i) Fingolimod shifts the sphingolipid pathway towards a decrease of Cer 

and increase of S1P and SM; ii) the sphingolipid shift mediated by Fingolimod is different in cortex 

and hippocampus especially when analyzing Cer and S1P; iii) the effect of Fingolimod was more 

pronounced in E3FAD animals. 
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Discussion 

In this prevention study, we found that Fingolimod, an S1P mimetic drug, mildly improved memory 

performance in a familial AD model and shifted the sphingolipid pathway towards reduction of Cer 

species and increase of S1P and SM. 

APOE4 gene is the best-known genetic risk factor for the development of late-onset AD. It is 

thought that ApoE contributes to the seeding and clearance of Aβ in the brain [33]. We found that 

APOE background had also a strong impact on animals’ behavior in locomotor and anxiety tasks. 

The APOE4 carriers were less active in the OF task, and the reduction in locomotor activity has 

been reported before in hAPOE4 transgenic mice [34]. It has also been shown that APOE4 

genotype increases anxiety behavior, probably because of a reduced ApoE expression in the 

amygdala, the brain center important for fear and anxiety processing [35].  

The 5xFAD mice as a model of familial AD (FAD) were cross bred with mice expressing human 

APOE3 or APOE4 knockin mice respectively. They carry in addition the mutated APP and PS1 

(gene encoding for γ-secretase subunit), which causes a severe amyloid pathology with early 

onset [36]. It has been reported that hAPOE3 protects the mice brain better from amyloid 

pathology than hAPOE4 [22]. The more severe amyloid pathology in E4FAD strain translated into 

a more severe memory impairment [37]. The behavioral data collected in the WM task confirmed 

these finding. In fact, the E3FAD groups were able to find the platform more efficiently than the 

E4FAD. 

Behavioral data suggested that Fingolimod had protective effects in the brain in our AD models. 

Memory performance of the AD animals improved upon treated with the drug. In the WM, the 

E4FAD Fingolimod treated animals spent more time in the target quadrant and crossed the 

platform area 1.9 x more than control. Furthermore, when applying the cox-regression model for 

WM statistical analysis, as suggested by Antje et al., we found that the low dose treated E4FAD 

group had 1.8 x more chances to find the platform area than the control group. These 

improvements in memory were confirmed by the AYM test. Again, Fingolimod improved the 
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percentage of alternation compared to control treated group. Interestingly, the E4FAD animals 

showed a greater benefit from Fingolimod administration. These findings are in alignment with 

previous observation on other AD induced-models where Fingolimod improved memory in 

hippocampal dependent behavioral tests [18, 19].  

Fingolimod was found to affect brain sphingolipids. In the E4FAD mice the effect of FTY720 was 

restricted to the hippocampal levels of S1P and SM d18:1/20:0. S1P was increased of about 1.6 

x times by the low dose while SM d18:1/20:0 was increased by both doses. The most prominent 

effects of Fingolimod on cerebral sphingolipid levels were observed in the E3FAD mice. In the 

cortex of E3FAD treated animals, most of the Cer species were decreased while SM d18:1/18:0 

levels were increased as compared to controls.  

The reduction of Cer species and increase of SM may be the result of the multi-target action of 

Fingolimod. Recently, new pharmacological mechanisms have been discovered for Fingolimod. 

Firstly, it was reported that Fingolimod functionally inhibits acid sphingomyelinase (A-SMase) [38]. 

SMases are a family of phosphodiesterases, which preferentially hydrolyze SM, producing 

phosphorylcholine and Cer [39, 40]. Secondly, it was found that Fingolimod in human pulmonary 

artery endothelial cells can inhibit Cer synthase (CerS) decreasing Cer with IC50 of 6.4+/-1 µM 

[41]. The inhibitory action of Fingolimod on CerS and A-SMase, two enzymes responsible of Cer 

synthesis, which may explain the Cer reduction. While the inhibition of A-SMase could explain the 

SM increase: the reduce breakdown of SM to form Cer may lead to SM accumulation. Dinkins et 

al., observed that intraperitoneal administration of GW4869, a potent SMase inhibitor, to 5 x FAD 

mice resulted in fewer exosomes containing ceramide and a 40% decrease in plaque load [122, 

299]. However, global SM were not measured, so it is uncertain if the same shift was mediated 

since GW4869 is a more potent nSMase inhibitor. 

It is still unclear why the low dose was more efficacious in coping with AD symptoms. In fact, both 

doses reduced blood circulating leukocytes equally potently, and both doses affected on 

sphingolipid composition with a similar impact. In alignment with these findings, others have 
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shown that AD hallmarks like plaques and neuroinflammation are more effectively reduced using 

a low dose regimen. Analysis of plaque load and inflammation could help to unravel the 

mechanism associated with each drug concentration. 

To conclude, we show that S1P analogs like Fingolimod, can improve memory and anxiety 

symptoms in familial AD mice that carry APOE4. Furthermore, we confirm secondary actions of 

Fingolimod not mediated by S1P receptors, which shifts the sphingolipid pathway towards Cer 

reduction and SM increase especially in the cortex. Our data confirms that targeting the 

sphingolipid metabolism might represent a valid pathway for developing new therapeutic drugs 

for AD. 
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Figures 

 

 

Figure1. Fingolimod did not affect body weight, but reduced CD45+ positive circulating 

leukocytes. A) Body weight of control and drug treated AD (E4FAD and E3FAD) and control 

(APOE4 and APOE3) animals (each plot mean +/-SEM represents 21-24 animals per condition). 

B) Leukocyte analysis by FACS in blood samples collected at week 15 were sorted with CD45+ 

marker (each bar represents the mean +/-SEM of 4 animals, two-way ANOVA, Bonferroni post 

hoc; (significant genotype effect, *p<0.05; treatment effect $$$ p<0.001). C) Plasma and brain 

Fingolimod concentrations of unphosphorylated (FTY720) and phosphorylated (FTY720-P) at the 

end of experiment (Control N=24, Low dose (0.1 mg / kg) N=24, High dose (0.5 mg / kg) N=24). 
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Figure 2. Fingolimod low dose improved memory performance in E4FAD. A) The average 

of latency expressed in seconds (s) measured during the probe trial with the average velocity of 

each experimental group (Jonckheere-Terpstra test followed by Dunn’s test ** p<0.01*p<0.05). 
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B) The average latency profiles of AD groups (E3FAD and E4FAD) in the learning and probe 

trials.  C) Cumulative incidence plots of spatial memory retention data of AD groups. D) Dose 

response analysis of percentage of time spent in the target quadrant for AD groups. The 

percentage of time spent in the target quadrant was compared to chance level 25% (one sample 

t test $p<0.05; $$ p<0.01$). F) The percentages of correct alternations were measured over 10 

triads. The percentage of each group was than compared to the 50% chance levels (one sample 

t test $ p<0.05). Each bar represents the mean +/-SEM of 21-25 animals.  
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Figure 3. Fingolimod increases travelled distance in AD animals and decreases anxiety in 

APOE4 groups. A) Distance travelled in the OF test was measured in the placebo and drug 

treated groups (Low dose 0.1 mg / kg  and High dose 0.5 mg / kg) of AD  (E4FAD and E3FAD) 

and control (APOE4 and APOE3) animals. Each bar represents the mean +/-SEM of 4 animals, 

two-way ANOVA, Bonferroni post-hoc ($ p<0.05). B) Anxiety was measured as percentages of 

time spent in the close arms. Anxiety was higher in APOE4 carriers compared to APOE3 groups. 

Both the low dose and the high dose reduced anxiety behavior in APOE4 ($$ p<0.01). Each bar 

represents the mean +/-SEM of 21-25 animals, two-way ANOVA, Bonferroni post-hoc (significant 

genotype effect, ***p<0.001; treatment effect $ p< 0.05 or $$ p<0.01).  
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Figure 4. Fingolimod reduces Cer and increases S1P and SM depending on brain region 

and genotype. Sphingolipids levels were measured in the (A) hippocampus and in the (B) cortex 

by HPLC-MS/MS. Cer were categorized based on acyl chain number of carbons (Cer d18:1/16:0, 

Cer d18:1/18:0, Cer d18:1/18:1, Cer d18:1/20:0, Cer d18:1/22:0 and Cer d18:1/24:1) - total 

ceramide is the sum of listed species - as well as SM (SM d18:1/16:0, SM d18:1/18:0, SM 

d18:1/18:1, SM d18:1/20:0, SM d18:1/22:0 and SM d18:1/24:1). Cer and SM were quantified as 

pmol / mg protein. Each bar represents the mean +/-SEM of 8-10 animals, two-way ANOVA, 
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Bonferroni post-hoc (significant genotype effect, **p<0.01; treatment effect (Low dose 0.1 mg / kg 

and High dose 0.5 mg / kg) $ p< 0.05, $$ p<0.01 or $$$ p<0.001).  
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 Supplementary material 

 APOE3 E3FAD APOE4 E4FAD 

CONTROL 25 21 22 24 

LOW DOSE - 0.1 MG / KG 25 20 23 24 

HIGH DOSE - 0.5 MG / KG 24 24 24 23 

Supplementary Table 1. Group size in each experimental group. 

 

 FTY720 FTY720-P 

 blood Spinal cord blood Spinal cord 

Calib. Range 0.5-10000 ng/mL 0.5-10000 ng/mL 0.5-10000 ng/mL 0.1-10000 ng/mL 

LOQ 0.5 ng/mL 0.5 ng/mL 0.5 ng/mL 0.1 ng/mL 

Accuracy (Bias) <10.1% <17.1% <10.3% <11.2% 

Regression R2 0.99998 0.99986 0.99998 0.99960 

Precision RSD ± 1.3% ±2.5% ± 2.1% ± 2.9% 

Recovery 79.2% 92.8% 62.2% 85.4% 

Supplementary Table 2. The quality parameters of FTY720 and FTY720-P determination. 
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  Hazard Ratio [95%-CI] p-value 

APOE3 control vs high dose 1.168 [0.590;2.312] 0.657 

 control vs low dose 0.828 [0.409;1.675] 0.599 

APOE4 control vs high dose 1.219 [0.569;2.608] 0.611 

 control vs low dose 1.499 [0.707;3.175] 0.291 

E3FAD control vs high dose 0.953 [0.453;2.003] 0.898 

 control vs low dose 1,330 [0.624;2.835] 0.461 

E4FAD control vs high dose 0.972 [0.429;2.204] 0.945 

 control vs low dose 1.821 [0.869;3.816] 0.112 

Supplementary table 2. Cox regression results of spatial memory retention data in 

water maze. 
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Supplementary figure 1. AD animals have reduced body weight compared to control 

animals. A) Plots of cumulative chance to make a correct alternation in the AYM test. B) Traveled 

distance in the EZM for each experimental group. C) Animal weight depending on genotype 

through the experiment and at the end of the experiment (week 25). Each bar represents the 

mean +/-SEM of 21-25 animals, two-way ANOVA, Bonferroni post-hoc (significant genotype 

effect, ***p<0.001).  
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General discussion and summary 

In this work, we investigated the role of the sphingolipid metabolism in Alzheimer’s disease (AD) 

pathophysiology with the aim to develop new intervention strategies targeting this pathway. We 

showed that sphingolipid metabolism is altered in transgenic mice models of AD characterized by 

amyloid-β (Aβ) pathology and is dependent, at different degree, on sex, age and APOE allele’s 

background. Furthermore, we discovered that ceramide transport from ER to the Golgi is 

important to preserve physiological levels of ceramide and for amyloid precursor protein (APP) 

processing. Lastly, we found that sphingosine-1-phosphate (S1P) analogs like, Fingolimod, can 

improve memory and anxiety symptoms in AD mouse models paving the way for the development 

of new intervention strategies. 

Alterations of sphingolipid metabolism in transgenic AD models 

In AD, the catabolic and anabolic pathways of ceramides formation are abnormal in the brain and 

consequently ceramides are significantly increased [1-3]. Ceramides not only mediate cell death 

by initiating as second messenger the apoptotic pathway but also affect Aβ formation [4]. The Aβ 

peptide is formed by proteolysis of APP, process which takes place in specific micro-domains of 

the cell membrane called lipid rafts [5, 6]. Lipid rafts are characterized by a specific lipid 

composition of the membrane that influences transmembrane protein function. In AD lipid rafts 

are particularly enriched in ceramide [7, 8]. The higher levels of ceramide in lipids rafts stimulates 

β and γ secretase activity, the enzymes responsible to cleave APP and release Aβ [9, 10]. 

Besides, Lee et al., have shown that Aβ peptides activate, in cultured oligodendrocytes, 

sphingomyelinases (SMases) that promotes the conversion of sphingomyelin into ceramide [11]. 

The same effect was described in cultured neurons [12].  

In chapter 2, we found that the levels of ceramide d18:1/16:0 are increased in the familial AD 

transgenic mice model 5xFAD in the cortex and in the hippocampus, where almost all ceramide 

species measured, were found significantly elevated compared to healthy animals. This suggests 
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that Aβ pathology is one of the factors that causes or accompanies ceramide accumulation. On 

the one hand, Aβ can directly trigger the activity of sphingolipid substrate enzymes, like the 

phosphodiesterase SMases, which are efficient producers of ceramide by sphingomyelin break 

down. On the other hand, ceramide increases Aβ formation by affecting the activity of secretases.   

In chapter 3 we investigated the contribution of APOE alleles (APOE3 and APOE4), sex and age 

to sphingolipid metabolism in brain of animals with severe amyloid phenotype.  

There are three major APOE alleles, ε2, ε3, and ε4, with a prevalence of approximately 7%, 79%, 

and 14%, respectively [13, 14]. Compared to the general population, individuals heterozygous for 

the ε4 allele of the APOE gene have a ~3-fold higher risk of developing AD, and homozygous ε4 

carriers have a ~15-fold increased risk [14, 15]. It has been hypothesized that ApoE4 proteins are 

less effective in participating at Aβ clearance than the other isoforms [16]. 

In this study we used newly generated transgenic AD models, FAD mice expressing human 

APOE3 (E3FAD) and APOE4 (E4FAD) [17]. Our data showed minor effects of the APOE-isoforms 

on sphingolipid profiles in wild-type and in AD mice. This is in line with previous work by Bandaru 

et al, who reported no differences between ceramide levels in the middle frontal gyres of healthy 

human APOE4 or APOE3 carriers [18] and with work by Sharman et al, who reported only minor 

differences in total ceramide levels in male human APOE2, APOE3 and APOE4 knock-in mice 

brain and plasma [19]. In previous work, we observed lower ceramide levels in the hemi brain of 

aged (>15 months old) female APOE4 knock-in mice compared to wild-type mice on a high-fat 

diet [20]. This might indicate that APOE genotype effects on sphingolipids occur only in older 

animals or as a response to an unhealthy diet.  

Sex was found to have the major impact on brain and plasma sphingolipid levels. In the cortex, 

levels of most sphingolipids and their ratios were higher, while in the hippocampus, cerebellum, 

and plasma they were lower in female than in male mice. 

Age-related increases in ceramide and sphingomyelin levels and a decrease in S1P were 

previously detected in the hippocampus of cognitively normal subject older than 65 years [21, 22]. 
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In wild-type rat and mouse cortex and hippocampus [23, 24], and in the cortex of APPSL/PS1 mice 

[25] an accumulation of ceramide is observed in middle aged (>12 months) and old (>21 months) 

animals. Senescent effects of aging in mice are generally not observed until mice are at least 10 

months old and considered middle aged [26, 27]. Similar to our study, Cutler et al observed a 

subtle increase in ceramide d18:1/24:0 levels in 6 months old mice compared to 3 months old 

mice, which further increased in 25 months old mice [22]. Therefore, the modest changes in 

sphingolipids we observe between our 6 months old and 3 months old mice might be explained 

by their relatively young age.  

Nevertheless, it is still unclear which proteins of the sphingolipid pathway play a role in the 

etiopathology of AD. Here, we produced first evidence that the ceramide transfer proteins may 

have a crucial function in AD pathology.  

The role of ceramide trafficking from endoplasmic reticulum to trans-Golgi in the 

pathology and treatment of AD 

After ceramides is formed in the endoplasmic reticulum (ER), ceramides are shuttle to the trans-

Golgi by an energy dependent non-vesicular process, mediated by ceramide transfer proteins 

(CERT), to generate sphingomyelin. Defects in this transport causes reduction in de novo 

synthesis of sphingomyelin and ceramide accumulation [28-30]. The deficient transfer of ceramide 

from the ER to the Golgi implies that ceramide accumulates in the ER causing a chronic stress-

like reaction in the cell that compromises the unfolded protein response (UPR) pathway [10]. 

Matarin et al., in a genome-wide gene-expression analysis in AD models reported that CERTs 

gene was downregulated in the CNS [31]. In chapter 2, we found that CERTs protein 

concentration is significantly lower in the cortex of AD animals compared to control. Furthermore, 

ceramide d18:1/16:0 was elevated. This suggested that the impaired transfer of ceramides to the 

trans-Golgi caused an abnormal ceramides accumulation. When we potentiated ceramide 

transfer in the brain of AD animals by neuronal overexpression of the CERT long isoform (CERTL) 
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ceramide d18:1/16:0 levels were restored to normal suggesting that abnormal elevations of this 

lipid can be attenuated by increasing its trafficking from the ER to the Golgi. The increase transport 

to the trans-Golgi, resulted in 1.5 x higher synthesis of sphingomyelin both in control and AD 

animals. Apparently, this shift in sphingolipid composition did not change cell death markers 

measured by RT-PCR. Probably, cells can cope with fluctuation of sphingomyelin since it 

accounts for about 4.2-12% of the total phospholipids in the brain. The most interesting findings 

were that the changes in sphingolipids levels altered APP processing and consequently the 

amyloid-genic pathway by decreasing Aβ levels. Others have found that modulation of the 

sphingolipid system can lead to alteration in APP turnover or reduction in secretase activity or 

degradation by interfering with other enzymes of the sphingolipid pathway [9, 32, 33]. Additionally, 

having shown before that CERTL colocalized with plaques [34] and here that binds directly to Aβ 

by microscale thermophoresis, we next tested whether the interaction had an influence on Aβ 

monomers spontaneous fibrillogenesis and neurotoxicity. We found that CERTL affected the 

shape of Aβ aggregates inspected by electron microscopy and decreased their toxicity in neuronal 

cells. Similar findings were observed in in vivo, where small sized plaques were reduced by 

CERTL overexpression. Another interesting observation was the effect that neuronal 

overexpression of CERTL had on the microglia. Microglia are known to enter an activated state, 

which is pro-inflammatory. This pro-inflammatory state is now thought to exacerbate the AD 

pathology. In AD activated microglia are characterized by increase of specific cytokines and 

membrane receptor that drive the immune response in the brain. CERTL, probably via exosomes 

release decreased pro-inflammatory membrane markers like Iba1 and CD86 in AD mice brains. 

In the CNS there is an extensive cross-talk ongoing between neurons and microglia which takes 

advantage of exosomes. Furthermore, toxic Aβ is carried in exosomes and reduction of their 

secretion was correlated to Aβ reduction [35, 36]. 

In chapter 5, we used the opposite strategy. We antagonized the ceramide trafficking with the 

CERT inhibitor, N-(3-hydroxy-1-hydroxymethyl-3-phenylpropyl) dodecanamide (HPA-12). HPA-
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12 displaces ceramides and occupies the amphiphilic cavity in the START domain of CERTs, 

preventing endogenous ceramide to be shuttled to the trans-Golgi [30, 37]. Since, HPA-12 was 

never used before in a pharmacological study, in chapter 4 we studied the pharmacokinetics of 

the radiolabeled version of HPA-12. We found that HPA-12 crosses the blood brain barrier (BBB) 

and is accumulating over time in the brain. We next studied the pharmacological mechanisms 

underlying the effect of HPA-12 on sphingolipid metabolism in the brain. While in a cell-based 

assay with radiolabeled sphingolipid precursor serine, HPA-12 reduced sphingomyelin production 

[30], in vivo experiments showed that HPA-12 increased sphingomyelin in the brain after 1 week 

treatment. We speculate that in vivo the brain cells can compensate the compound blockage of 

de novo synthesis through alternative pathways like the salvage and recycling pathway.  

Long term treatment for 4 weeks showed different outcome, though. HPA-12 increased ceramide 

levels 1.7 x folds in the cortex and 1.2 x fold in the hippocampus while, S1P levels were reduced 

4.6 x folds in cortex, hippocampus and striatum. Probably HPA-12 as other drugs that mimic 

sphingolipid bioactivity may have multiple targets in vivo [38, 39].  

Since in chapter 2 we speculated that defective ceramide trafficking to the Golgi contributes to a 

ceramide imbalance typical of AD and worsens amyloid pathology in AD we investigated the effect 

on HPA-12 activity in the brain of AD animals. We found that HPA-12 increased Aβ peptide levels 

in the soluble fractions and not in the formic acid insoluble fractions.  

In conclusion, in chapter 2, the potentiation of ceramide transport from ER to the trans-Golgi by 

CERTL overexpression reduced soluble Aβ formation, in chapter 5, pharmacological inhibition of 

CERT transport activity, increased soluble Aβ levels.  

Radiolabel ceramide analogues as diagnostic tools for AD  

Based on the results described in chapter 2 and 5, we hypothesized that a radiolabeled probe 

targeting CERT in the brain can be used to diagnose AD. In AD brain tissue, ceramide levels 

increase before the impairment of cognition and memory are apparent. Not only, are the 
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metabolites of the sphingolipid pathway shifted early in AD but also some of the enzymes. Maratin 

showed that CERT expression might be reduced at 2 months of age in AD transgenic mice.  

Furthermore, Mielke et al., have been proposing ceramide as biomarkers in AD in plasma. They 

found that women with high levels of circulating ceramides were at higher risk of developing mild 

cognitive impairment.  

Hence, the metabolites and enzymes of the sphingolipid pathway may be valuable tools for early 

AD diagnosis. In chapter 5, we speculated that a radiolabeled probe targeting CERT in the brain 

could be used to diagnose AD in transgenic models. To answer this hypothesis, we investigated 

the brain pharmacokinetics of [18F]HPA-12 in brains of AD mice compared to control animals. We 

found that the [18F]HPA-12 in vivo dynamics is different in control and AD brains. The statistical 

analysis revealed that the biggest difference in [18F]HPA-12 uptake was in the hippocampus when 

comparing control and AD animals. We also showed that [18F]HPA-12 was able to accurately 

differentiate AD mice from control with a sensitivity of 85.7% and a specificity 87.5%. However, 

to propose [18F]HPA-12 as a diagnostic tool in AD is still premature. First, the lipophilic nature of 

the radiotracer remains a limiting factor, because the clearance from the brain is extremely slow 

and the possibility of unspecific binding remains high. In fact, one hour post injection [18F]HPA-12 

is still building up in the brain. An analogue tracer with same target but with faster uptake and 

clearance from the brain would be desirable. There are new generations of CERTs inhibitors with 

an even higher affinity and more hydrophilic nature that could be used for this purpose [37]. 

Second, the animals were tested at late stages of the disease when the AD pathology is extremely 

severe. A study with younger animals to prove that the approach is relevant also at initial stages 

of the disease is desirable. 

S1P analogues in the treatment of AD 

As aforementioned, in the last years, a metabolic shift favoring the production of ceramide over 

S1P synthesis in the brain has been pointed to play a role in amyloid formation, neuro-
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inflammation and neuronal apoptosis in AD pathophysiology [8, 40, 41]. The balance between 

ceramide and S1P has been addressed as the “sphingolipid rheostat”, which is crucial to maintain 

a proper balance between apoptotic and survival signals in the cell cycle [42, 43].  

In chapter 6, we proposed an S1P analogue, known as FTY720 or Fingolimod, to restore the 

sphingolipid rheostat in the AD brain, pharmacologically. Behavioral data suggested that 

Fingolimod prevented memory and anxiety decline in AD mice. Diseased animals treated with the 

drug improved memory performance. In the water maze, the Fingolimod treated animals spent 

more time in the target quadrant and crossed the platform area 1.9 x more than control. 

Furthermore, when applying the cox-regression model for WM statistical analysis, as suggested 

by Antje et al., we found that the low dose treated E4FAD group had 1.8 x higher chance to find 

the platform area than the control group. These improvements in memory were confirmed by the 

alternate Y-maze test. Again, the low dose Fingolimod improved the percentage of correct 

alternation compared to control treated group. Interestingly, the E4FAD animals showed the 

greater benefit from Fingolimod administration. These finding are in alignment with previous 

observation on other AD models where Fingolimod improved memory in hippocampal dependent 

behavioral tests [44, 45]. Next, we analyzed the impact of Fingolimod on brain sphingolipids. In 

the E4FAD FTY720 activity was restricted to the hippocampus and involved only S1P and 

sphingomyelin d18:1/20:0. S1P was increased of about 1.6 x times by the low dose while 

sphingomyelin d18:1/20:0 was increased by both doses. The main effects of Fingolimod on 

cerebral sphingolipid levels were observed in the E3FAD groups, though. In the cortex of E3FAD 

treated animals, most of the ceramide species were decreased while sphingomyelin d18:1/18:0 

levels were increased compared to control.  

The reduction of ceramide species and increase of sphingomyelin are probably the results of the 

multi-target action of Fingolimod. In fact, recently, new pharmacological mechanisms have been 

discovered for Fingolimod. Firstly, it was reported that Fingolimod functionally inhibits the acid 

sphingomyelinase (A-SMase) [38]. SMases are a family of phosphodiesterases, which 
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preferentially hydrolyse SM, producing phosphorylcholine and ceramide [46, 47]. Secondly, it was 

found that Fingolimod in human pulmonary artery endothelial cells can inhibit ceramide synthase 

(CerS) decreasing ceramide with IC50 of 6.4+/-1 µM [39]. The inhibitory action of Fingolimod on 

CerS and A-SMase, two enzymes responsible of ceramide synthesis, can explain the reduction 

of ceramide levels. While the inhibition of A-SMase could explain the sphingomyelin increase: the 

reduce breakdown of sphingomyelin to form ceramide may lead to sphingomyelin accumulation.  

It is still unclear why the low dose was more efficient in coping with AD symptoms. In fact, both 

doses reduced numbers of circulating leukocytes equally potently, and both doses had an effect 

on sphingolipid composition, with similar impact. Analysis of plaque load and inflammation could 

help to unravel the mechanism associated to each drug concentration. 

Conclusions 

In conclusion, our findings suggest that the sphingolipid pathway is of fundamental importance 

for AD pathophysiology and can be a “source” for new biomarkers and intervention strategies. 

First, we demonstrated that the sphingolipid system is closely associated to the Aβ pathology by 

affecting formation and neurotoxicity of the peptide. Second, the increase of ceramide relocation 

from the ER to the Golgi mediated by CERTL is effective in coping with the sphingolipid disbalance 

typical of AD and in attenuating Aβ formation. Third, the sphingolipid pathway is tightly associated 

to the immune system. CERTL reduced membrane inflammatory markers expressed on microglia 

via direct or indirect mechanism. Fourth, the sex difference in AD incidence may be explained by 

difference in sphingolipid levels. In fact, we found that sex was the strongest factor affecting 

sphingolipid levels in brain and plasma in mice. Fifth, drugs designed for targeting the sphingolipid 

pathway, might have different effects on sphingolipid composition depending on brain region, sex 

and APOE genetic background, since the drug bio-distribution and sphingolipid metabolism is 

different between brain areas, sex and genetic background. Finally, to target the ceramide-

sphingosine rheostat only might be a too simplistic model since: i) the drugs of the SL pathway 
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likely have secondary targets and ii) the sphingolipid metabolism has compensatory mechanism 

of the pathway to respond to a drug action. For instance, the inhibition of ceramide relocation from 

ER to the Golgi did not reduce sphingomyelin as expected, probably because of intensification of 

the salvage or recycling pathway. This suggests that a multiple target drug design might be more 

effective in some cases when compensatory changes of the lipids affect the desirable outcome.  
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Critical reflection and look to the future 

The recent medical literature highlights the lack of new drugs able to prevent or treat 

neurodegenerative diseases such as AD. In contrast, the prevalence of these diseases is growing, 

due to an increase in life expectancy, and is leading to a rise in economic and social costs. For 

instance, the health care and family costs per patient with dementia or cognitive impairment in 

the Netherlands are approximately €38,000 per year and the estimated annual worldwide cost to 

society of dementia is US$ 604 billion [48].  

The current treatments are aimed at individuals that are already in advance stages of 

neurodegeneration and mainly provide symptomatic, short-term benefits, without affecting the 

underlying pathogenic mechanisms and the progression of the disease [49, 50]. A major 

challenge in the field is to identify which asymptomatic individuals are most likely to develop 

neurodegenerative disorders and to test disease-modifying drugs that can be administered to 

these at-risk individuals to prevent or delay disease onset.  

In this thesis, we gave new evidence demonstrating that the sphingolipid pathway is of 

fundamental importance for AD pathophysiology and can be a “source” for new biomarkers and 

intervention strategies. However, we also need to mention the limitations of this study. 

In chapter 2 we used the 5xFAD familial model. The 5xFAD model is a severe AD model that 

shows plaque deposition already at 2-3 months of age. It has also been reported that Aβ-induced 

brain pathology impairs memory performance already at 6 months of age in this familial model 

[51-54]. In contrast with this finding, in our behavior experiments the 5xFAD mice at 6-7 months 

of age did not perform worse than the healthy WT animals. Similar outcome was found in chapter 

6. In this study the 5xFAD was backcrossed to bear also the human APOE3 or APOE4 transgene 

replacing the mouse Apoe. The E3FAD mice (APOE3 carriers backcrossed with 5xFAD) 

performed better than E4FAD mice (APOE4 carriers backcrossed to 5xFAD) in all behavioral test 
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measurements, as previously reported [17]. However, E3FAD did not performed worse than their 

respective control APOE3. Also, E4FAD mice performed only slightly worse than APOE4. 

We came with two possible explanation. AD is multifactorial disease and more than just Aβ 

pathology is necessary to induce sufficient neurodegeneration that leads to the memory decline. 

Furthermore, we think that the Aβ pathology needs an incubation time that can vary from 

individuals before compromising the central nervous systems functions. As in human cases the 

Aβ pathology start years before the mild cognitive impairment is detectable, implying that a time 

factor (aging) is crucial. Hence, in our hands, animals at 6 months of age did not have clear 

memory defects, that we could sensibly measure in our behavioral paradigms.  

Second point to consider is the breeding approach we used for the in-house breeding and the 

background of the E3FAD and E4FAD.  

We adopted a breeding scheme where, the Pde6b gene, which is associated to retinal 

degeneration, was bred out of our colony genetic background (see chapter 2 for details). The 

Pde6b gene is thought to be crucial for early detection of memory impairments.  The E3FAD and 

the E4FAD have also lost the 5xFAD original background by cross breeding to APOE3 and 

APOE4 as detailed explain elsewhere [17]. 

Concerning chapter 2, two other limitation should be discussed. Firstly, a more translational 

approach should be considered. In fact, many of the gene therapies that currently exist have been 

proven to be ineffective. The main downfall being that the therapy improves the disease conditions 

only for a short time. To facilitate the translation into the clinic a pharmacological approach would 

be desirable. However, so far, no potentiator of the ceramide cellular ceramide trafficking has 

been described. Also, it is not completely understood how the CERT activity is regulated in cells. 

The most recent literature suggests the involvement of protein kinase D that by phosphorylating 

the serine rich domain of CERTL inhibits the ceramide transfer functions. Secondly, even though 

the potentiation of CERTs activity looks a promising strategy to cope with sphingolipid disbalance 
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typical of AD, Aβ accumulation and aggregation, and neuroinflammation, we are still confronted 

with the question if this approach is effective in preventing or reversing the memory decline.  

In chapter 4 we showed that [18F]HPA-12 crossed the BBB and accumulated in the brain 

parenchyma. Nevertheless, we were unable to demonstrate a specific engagement of the tracer 

to the target. The lack of a radiotracer control similar in structure but with poor affinity to the target 

would have been desirable to prove specificity. This was partially answered in chapter 5 were 

the tracer was studied in AD animals. The radioactivity measured in the hippocampus positively 

correlated to CERT relative quantification. However, the question of specificity could be answered 

with a docking in vivo assay with high concentration of unlabeled compound. [18F]HPA-12 is highly 

lipophilic and this can cause unspecific binding. The new generation of CERT inhibitors with 

higher affinity and more hydrophilic could represent a valuable alternative to [18F]HPA-12 which 

in future studies could be used as reference [37]. 

In chapter 6 there are two main limitations. As aforementioned the first limitation regarded the 

behavioural data where the models E3FAD and E4FAD performed slightly worse than APOE3 

and APOE4 controls animals. The second limitation is that the ceramide levels were not 

significantly increase in the brain of E3FAD and E4FAD models compared to control animals. This 

is in contrast to the findings in chapter 2 where ceramide levels were elevated especially in the 

hippocampus of the 5xFAD mice compared to control animals. There are at least three possible 

explanations to these discrepant observations. First, the mice tested in chapter 2 were at 6-7 

months old males, while in chapter 7 we used 6-7 months old females. Second the genetic 

background of the 5xFAD is a mixed genetic background (C57BL/6 x SJL) while the E3FAD and 

E4FAD were generated on the C57BL/6 genetic background. Third, the expression of the human 

APOE genes replacing the mouse Apoe may have had also an impact on ceramide levels. In 

accordance to these hypothesizes, in chapter 3 we showed that sex had a considerable effect 

on sphingolipid levels in the brain of mice, and that also age and APOE genotype had a mild 

effect. Also, other groups have found that sex can affect the sphingolipid metabolism and the 
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expression of proteins involved in the pathway [55, 56]. Interestingly, in chapter 5 where the 

animals used for the study were older and males, ceramide levels were higher in E3FAD 

compared to APOE3 controls in the hippocampus and cortex of mice (data not shown).  

Even though the abovementioned limitations, this work gave additional evidences that 

pharmacological intervention targeting the sphingolipid metabolism are effective in modulating 

lipid levels in the brain. Moreover, the modulation of the sphingolipid pathway affected Aβ 

pathology, neuroinflammation and cognitive behaviour in experimental animals. We also 

determined the alteration of sphingolipid metabolism in the brain of different transgenic AD models 

(5xFAD, E3FAD and E4FAD) at different age and sex. This data will facilitate future 

pharmacological studies in the selection of the appropriate AD model with specific age and sex 

to test new compounds and new targets of the sphingolipid pathway. 
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Samenvatting 

Hedendaagse medische literatuur benadrukt het gebrek aan nieuwe medicatie ten behoeve van 

het voorkomen of genezen van neurodegeneratieve ziekten, zoals de Ziekte van Alzheimer (AD). 

Daarentegen blijft de prevalentie van deze ziektes wegens de toenemende levensverwachting 

oplopen wat tot een groei aan economische en sociale kosten leidt. Zo worden bijvoorbeeld de 

zorg- en familiekosten per patiënt met dementie of cognitieve beperking in Nederland geschat op 

€38,000 per jaar en de kosten van dementie voor de samenleving is wereldwijd US$ 604 miljard. 

De huidige behandelingsmethoden zijn voornamelijk gericht op patiënten in een vergevorderd 

stadium van neurodegeneratie en hebben enkel symptomatische, korte-termijn voordelen, zonder 

de onderliggende pathogene mechanismen of de voortgang van de ziekte aan te pakken. Het 

identificeren van asymptomatische personen die het meeste risico lopen om een 

neurodegeneratieve ziekte te ontwikkelen en gepaste medicatie voor deze risicogroep te testen 

dat het ziektebeloop kan beïnvloeden en de aanvang van de ziekte uit kan stellen of kan 

voorkomen is een grote uitdaging in het onderzoeksveld. 

In het huidige werk leveren we nieuwe inzichten in het AD-onderzoeksveld door nieuwe 

benaderingen te verkennen en voorstellen te opperen om de ziekte te diagnosticeren en te 

behandelen. 

De hypothese dat ceramide, een wax-achtige lipide dat belangrijk is voor de structuur en bio-

activiteit van de cel, een sleutelrol speelt in het ontstaan en de voortgang van AD-pathologie is 

als startpunt genomen om te onderzoeken: 1. of ceramide of een van zijn metabolieten gebruikt 

kan worden als biomarker voor AD-diagnose: 2. moduleerden we ceramide niveaus in de 

hersenen en keken we naar gedrags- en biochemische verbeteringen in gevestigde AD-modellen. 

Zoals eerder aangetoond in menselijke AD-studies hebben we een afwijkende ceramide 

stofwisseling gevonden in transgene muis-modellen van AD welke gekarakteriseerd zijn door 

amyloid-β (Aβ) pathologie. De verandering van ceramidemetabolisme was in verschillende 
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gradaties afhankelijk van geslacht, leeftijd en APOE-allel achtergrond. Deze bevindingen 

relateren aan de verhoogde incidentie van AD in vrouwen en het feit dat veroudering, zowel als 

dragers van het APOE4 allel, een grote risicofactor zijn om de ziekte te ontwikkelen. Verder 

hebben we door middel van ceramide-analogen voor in vivo dynamisch-functionele-imaging in 

muizen geobserveerd dat opname van deze twee molecule door de hersenen hoger was in AD-

dieren dan in de controlecondities. Hiermee hebben we bevestigd dat ceramide metabolisme 

daadwerkelijk afwijkt in AD-hersenen. 

Vervolgens stellen we twee strategieën voor AD-behandeling voor. De eerste strategie impliceert 

het verhogen van ceramide-transporter (CERT) expressieniveaus. CERT is een eiwit in het 

ceramide-metabolisme met de unieke functie om ceramide tussen cellulaire organellen te 

transporteren. Wanneer deze activiteit faalt kan dit leiden tot celsterfte wegens ceramide-

accumulatie in specifieke celcompartimenten. Wij bevinden dat CERT-activiteit al tijdens de 

asymptomatische fasen defectief is in AD. De verminderde functie van CERT draagt bij aan AD-

pathologie door fysiologische niveaus van ceramide in neuronale cellen te veranderen en het 

ontstaan van Aβ te verhogen. Het verhogen van CERT-functie in neuronen bewees effectief te 

zijn tegen de disbalans van ceramide-metabolisme en Aβ vorming in hersenen van AD-

muismodellen.  

De tweede strategie was gebaseerd op het medicijn Fingolimod, dat momenteel in de praktijk 

wordt gebruikt voor de behandeling van multiple sclerosis. Fingolimod bootst de activiteit van 

sphingosine-1-phosphate (S1P) na, een ceramide metaboliet. S1P is een bioactieve lipide dat 

wordt beschouwd als de tegenhanger van ceramide. Hoewel ceramide voornamelijk 

geassocieerd wordt met stilstand van de celcyclus en apoptose, medieert S1P celdeling en -

overleving. Het idee was eenvoudigweg om S1P in de hersenen te verhogen met als doel 

neurodegeneratie te stoppen of het proces terug te draaien. Zoals mede door anderen is 

aangetoond, verbeterde Fingolimod het geheugen en angstsymptomen in AD-muismodellen. 

Tevens hebben we bewijs geleverd dat deze medicatie het ceramidemetabolisme kan 
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terugdraaien naar een verminderde ceramideproductie. Samenvattend wordt in dit proefschrift 

nieuw bewijs geleverd dat de ceramide stofwisseling van fundamenteel belang is voor AD-

pathofysiologie en -behandeling door nieuwe diagnostische hulpmiddelen en nieuwe 

interventiestrategieën aan te reiken. 
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