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Abstract 
 

Besides its classical function of bone metabolism regulation, 1α,25-dihydroxyvitamin D3 (1,25(OH)2D3), 

acts on a variety of tissues including the nervous system, where the hormone plays an important role as 

neuroprotective, antiproliferating and differentiating agent. Sphingolipids are bioactive lipids that play 

critical  and  complex  roles  in  regulating cell fate. In the present paper we have investigated whether 

sphingolipids are involved in the protective action of 1,25(OH)2D3. We have found that 1,25(OH)2D3 

prevents amyloid-β peptide    (Aβ(1−42)) cytotoxicity both in   differentiated SH-SY5Y human 

neuroblastoma cells and in vivo. In differentiated SH-SY5Y cells, Aβ(1−42) strongly reduces the 

sphingosine-1-phosphate (S1P)/ceramide (Cer) ratio while 1,25(OH)2D3 partially reverts this effect. 

1,25(OH)2D3 reverts also the Aβ(1−42)-induced reduction of sphingosine kinase  activity.  We  have 

also studied the crosstalk between 1,25(OH)2D3 and S1P signaling pathways downstream to  the 

activation of S1P receptor subtype S1P1. Notably, we found  that  1,25(OH)2D3  prevents  the 

reduction  of  S1P1  expression promoted by Aβ(1−42) and thereby it modulates the downstream 

signaling leading to ER stress damage (p38MAPK/ATF4). Similar effects were observed by using 

ZK191784. In addition, chronic treatment with 1,25(OH)2D3 protects from aggregated Aβ(1−42)-induced 

damage in the CA1 region of the rat hippocampus and promotes cell proliferation in the hippocampal 

dentate gyrus of adult mice. 

In conclusion, these results represent the first evidence of the role of 1,25(OH)2D3 and its structural 

analogue ZK191784 in counteracting the Aβ(1−42) peptide-induced toxicity through the modulation of 

S1P/S1P1/p38MAPK/ATF4 pathway in differentiated SH-SY5Y cells. 
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INTRODUCTION 
 
 

The amyloid-β  peptide  (Aβ)  is  the  main  constituent  of  amyloid  plaques,  and  it  is  believed  to  play 

a causative role in the neurodegenerative process occurring in Alzheimer’s disease (AD). The molecular 

mechanism   underlying   Aβ   toxicity   remains   largely   undefined   although    accumulating 

evidence indicates that the binding of hydrophobic Aβ assemblies to cellular  membranes  triggers  

multiple effects affecting diverse pathways (Selkoe and Hardy,  2016).  Aβ  toxicity has  been  shown  to  

be linked with sphingolipid (SL) metabolism in both cell culture models and animal models (Haughey et 

al., 2010; Grimm et al., 2013). SLs constitute a biologically active lipid class that is significantly important 

from both structural and regulatory aspects (Ghasemi et al., 2016; Pyne et al., 2016; Gomez-Muñoz et al., 

2016). Indeed, they regulate fundamental cellular processes that are important in determining cellular fate, 

such as proliferation, apoptosis, cell cycle arrest, senescence, and inflammation (Airola  and  Hannun, 

2013; Maceyka and Spiegel, 2014). Cells maintain a dynamic balance of distinct SL metabolites, with 

ceramide (Cer) and sphingoid bases serving as activators of cell death pathways, whereas sphingosine-1- 

phosphate (S1P) primarily exerts mitogenic effects acting as intracellular mediator or as ligand of specific 

S1P receptors (S1PR) (Strub et al., 2010). Of note, it has been proposed that cell fate is regulated by the 

ratio between S1P and Cer/sphingosine (Sph), with a high ratio promoting cell survival or proliferation, 

and a low ratio inducing growth arrest or cell death (Cuvillier et al., 1996). Both S1P synthesis and S1PR 

expression are required for embryonic neurogenesis (Mizugishi et al., 2005), whereas in the adult nervous 

system, S1P/S1PR axis regulates neurotransmission, promotes survival and affects differentiation (Milstien 

et al., 2007). 

Sphingomyelins (SM) decrease  and Cers increase  in AD (reviewed  in Haughey et  al.,  2010;  Walter  

and van Echten-Deckert, 2013) with prominent changes in the very long-chain C24:0 and C24:1 species. 

He et al. (2010) have also demonstrated an increase in Sph level and a decrease of S1P in AD brains 

compared  with   age-matched   neurologically   normal   control   subjects.   More   recently,   it   has been 

demonstrated that early in AD pathogenesis and prior to AD diagnosis, the activity of sphingosine kinase 

(SphK) activity, the enzyme responsible of S1P synthesis is reduced, while the activity of the   enzyme 
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responsible for S1P degradation, S1P lyase, is increased (Ceccom et al., 2014; Couttas et al., 2014). 

Moreover, silencing SphK1 in an animal model of AD accelerates Aβ deposition and aggravates the 

memory deficit (Zhang et al.,2013).  Changes in SL metabolites have been reported either in experiments 

in which Aβ has been applied exogenously or when Aβ was produced endogenously. Ιn particular, SH- 

SY5Y neuroblastoma cells incubated with Aβ display a marked down-regulation of SphK1 activity  

coupled with an increase in the ceramide/S1P ratio followed by cell death (Gomez-Brouchet et al., 2007). 

Besides its classical function of bone metabolism regulation, 1,25(OH)2D3 acts on a variety of tissues 

including nervous system, where it has neuroprotective, antiproliferating and differentiating 

effects (Berridge, 2015; DeLuca et al., 2013). Since these processes are also regulated by SLs, these 

bioactive  lipids  could  be  mediators  of  1,25(OH)2D3  action  in   neural   cells.   On   this   line,   we 

have recently demonstrated that ceramide kinase (CerK), the enzyme involved in Cer phosphorylation, 

plays a crucial role in the antiproliferative effects of 1,25(OH)2D3 in human neuroblastoma cells (Bini et 

al., 2012). Deficit of 1,25(OH)2D3 and several polymorphisms of 1,25(OH)2D3 receptor (VDR) have been 

associated with AD risk (Łaczmański et al., 2015; Annweiler  et  al.,  2015).  Moreover,  basic  research 

and epidemiological studies have reported that 1,25(OH)2D3 plays a protective role against impaired 

biological processes associated with AD and reduced cognition, such as those promoted by the toxic 

peptide. 

In  this paper, we aimed to investigate the potential involvement  of SLs in the neuroprotective action       

of 1,25(OH)2D3 against Aβ(1−42) toxicity in differentiated SH-SY5Y cells as well as in animal models. 

SH-SY5Y cells, induced to differentiate by incubation with retinoic acid and BDNF, were used to dissect 

the potential crosstalk between SLs and 1,25(OH)2D3 in preventing the neurotoxicity induced by 

Aβ(1−42). To evaluate the in vivo neuroprotective effects, we used intracerebral administration of 

Aβ(1−42). Specifically, we examined the impact of systemic administration of 1,25(OH)2D3 on 

hippocampal subgranular zone of the dentate gyrus (SGZ) and subventricular zone (SVZ) neurogenesis. 

Since previous studies have clearly shown that Aβ delivery to the rat hippocampus induces neuronal loss 

(Stepanichev et al., 2003; Xuan et al., 2012), in the CA1 pyramidal cell layer the 1,25(OH)2D3-mediated 

neuroprotection against Aβ(1−42) was also evaluated. Interestingly, we found that 1,25(OH)2D3 
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counteracts Aβ(1−42) toxicity through the axis S1P/S1P1 receptor / p38MAPK/ATF4 in SH-SY5Y 

cells; on the other hand, Aβ(1−42)  injection prevented neurogenesis induced by the hormone in SGZ  

area. 
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2. Materials and Methods 
 
 

2.1 Materials 
 
 

Biochemicals, cell culture reagents, Dulbecco’s Modified Eagle’s Medium (DMEM), fetal calf serum 

(FCS), penicillin/streptomycin, protease inhibitor cocktail, and bovine serum albumin,  were  purchased 

from Sigma (St. Louis, MO, USA) except phenol red-free Ham's F-12 medium that was from BioSource 

(Camarillo, CA, USA); SH-SY5Y cells were obtained from American Type Culture Collection (ATCC, 

Manassa, VA, USA); Lyophilized Aβ1–42 was purchased from Sigma (Milan, Italy) ; D-erythro- 

Sphingosine 1-phosphate was from Calbiochem (San Diego, CA,USA); 1,25(OH)2D3 was from Sigma, 

Syber Green reagent was from Life Technologies, Thermo Fisher Scientific, Waltham, MA, USA) 

Chemioluminiscence kit was from GE Healthcare (Chalfont St. Giles, UK); CellTiter 96 Aqueous One 

Solution Cell Proliferation Assay kit was from Promega (Madison, WI, USA); anti-phospho-p38 and total 

p38 antibodies from Cell Signalling (Danvers, MA, USA); anti-BAX, anti-ATF4, anti-β-actin antibodies 

and secondary antibodies conjugated to horse radish peroxidase were from Santa Cruz Biotechnology  

(Santa Cruz, CA, USA); anti-S1P1 was from Sigma (Milan, Italy); anti guinea-pig  IgG  antibody  

conjugated with Alexa488 (Jackson ImmunoResearch Laboratories, Suffolk, UK). Guinea pig polyclonal 

antibody anti-NeuN were from (Millipore, Vimodrone, Italy). BrdU (rat IgG monoclonal, Bio-Rad 

Laboratories, Biotinylated antibodies were from Vector Labs, Burlingame, CA, USA); O.C.T. was from 

Tissue-Tek (Sakura Finetek USA, Inc. Torrance, CA USA); avidin-biotin-peroxidase kit was from Vector 

Labs (Vector Laboratories LTD, Peterborough, UK); [3H]serine, [3H]Sphingosine and [32P]ATP 

(6000Ci/mmol) were from Perkin Elmer  (Monza,  Italy). W146  was from Tocris Bioscience  (Bristol,  

UK). ZK191784, and ZK159222 were kindly provided by Bayer Shering Pharma AG (Berlin, Germany); 

Yoyo-1, was from Life Technologies; ketamine was from Ketavet (Gellini, Aprilia, Italy) and xylazine 

(Rompun; Bayer, Germany) Sintex (Nuova Chimica, Cinisello Balsamo, Italy). 

 
 

2.1.1 Animals 
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Fully adult Long–Evans hooded rats (350 g) and adult (3 months-old) CD1 male mice bred in animal 

facilities at CNR (Pisa, Italy) and Neuroscience Institute Cavalieri Ottolenghi (Turin, Italy) were used in  

this study. Animals were housed in a 12 h light/dark cycle with food and water available ad libitum. All 

experimental procedures were in conformity to the European Communities Council Directive 86/609/EEC 

and were approved by the Italian Ministry of Health. 

 
 
 
 

2.1.2 SH-SY5Y cell culture and treatments 
 

SH-SY5Y cells were grown in DMEM/HAM's F12 supplemented with 10% heat-inactivated fetal bovine 

serum and 100 U/mL penicillin/streptomycin (Bini et al., 2012). The cells were maintained at 37°C in a 

humidified incubator with 5% CO2 and 95% air. Medium was changed every other day and the cells were 

split (0.25% trypsin, 0.53 mM EDTA solution) when they reached approximately 80% confluence. All 

treatments were performed for 24 h using cells at approximately 60-70% confluence. Differentiation was 

induced with 10 μM retinoic acid (RA) for 5 days. Cells were then treated with 100 nM 1,25(OH)2D3, 250 

nM ZK159222 (the inactive analogue), or 250 nM ZK191784 for 24 h and then in the presence or absence 

of 1 µM Aβ(1−42) peptide for 6 h. To obtain Aβ(1-42) oligomeric aggregates, the peptide solution was 

prepared as in (Dahlgren et al., 2002), whereas for unaggregated conditions, the Aβ(1−42) was prepared as 

above and diluted immediately without incubation into cell culture media. 

 
 

2.2 Cell proliferation and neurite length 
 

Cell proliferation was determined by cell counting using Burker camera and cytometer (Frati et al., 2015). 

Specifically, cells were plated at a density of 5x104 cells/well in a 6-well plate in growth medium, 

synchronized and treated for 24 h as reported  above.  Cytometric  analysis  was  performed  using  The 

Tali® Image-Based Cytometer (Thermo Fisher Scientific), a 3-channel benchtop assay platform  that 

captures up to 20 images (fields of view) per sample, automatically analyses the images with sophisticated 

digital image-based cell counting and fluorescence detection algorithms (Remple and Stone, 2011). The 

Tali® Cell Cycle Kit was used to count living and dead cells and the percentage of cells in each phase of 
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the cell cycle. Aliquot of cells (0.5-1 × 106) from each sample was processed according to the 

manufacturer’s instructions. Neurite length was determined after cell differentiation treatment. Images 

recorded with a Leica inverted light microscope (×20 objective lens) equipped with a Nikon camera were 

saved in .TIFF format. Neurite length was determined manually by ImageJ software using the segmented 

line tool. Five-seven neurites were counted per field and four-five fields per well. 

 
 

2.3 Cell viability assay 
 

Cell viability was assessed by 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2- (4- 

sulfophenyl)-2H-tetrazolium (MTS) assay (Sassoli et al., 2011). Briefly, SH-SY5Y cells in 96-well plates 

were plated at 50% confluence and synchronized in serum-free medium for 24 h. Then, cells were  

incubated in medium containing 10% fetal calf serum, and pre-treated with specific inhibitors for 30 min  

before the addition of 1,25(OH)2D3 and its analogues for further 24 h. A CellTiter 96 Aqueous One  

Solution Cell Proliferation Assay kit was utilized to measure a formazan product, which is directly 

proportional to the cell viability. Optical density at 490 nm was determined using an ELISA microplate 

reader (Bio-Rad, Hercules, CA, USA). 

 
 

2.4 Western blotting analysis 
 

Immunoblotting was performed using enhanced chemiluminescence as previously reported (Meacci et al., 

2010, Squecco et al., 2006). SH-SY5Y cells were lysed for 30 min at 4 °C in a buffer containing 50 mM 

Tris-HCl, pH 7.5, 120 mM  NaCl, 1 mM  EDTA, 6 mM  EGTA, 15 mM  Na4P2O7, 20 mM  NaF, 1% Nonidet 

and protease inhibitor cocktail (1.04 mM AEBSF, 0.08 mM aprotinin, 0.02 mM leupeptin, 0.04  mM 

bestatin, 15 µM pepstatin A, 14 µM E-64). To prepare total cell lysates, cell extracts were centrifuged for 5 

min at 5,000xg at 4 °C. Proteins (10-25 µg) from lysates were resuspended in Laemmli’s sodium 

dodecylsulfate (SDS) sample buffer. Samples were subjected to SDS-polyacrylamide gel electrophoresis (SDS-

PAGE) and Western analysis as previously described (Squecco et al., 2006). The blots were  first blocked in 

5% milk in Tris-buffered saline with 0.1% Tween 20 (T-TBS) at room temperature for 1 h, and then  

incubated  in  the  same  blocking  solution  containing  primary  antibodies  overnight  at  4°C.  After 
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sufficient washes with T-TBS, blots were incubated with appropriate horseradish peroxidase-conjugated 

secondary antibodies for 1 h. Blots were again washed in T-TBS and, thereafter, signals were detected by 

using ECL reagent. Finally, blots were exposed to high-performance chemiluminescence film. 

Densitometric analysis of the bands was performed using NIH IMAGE (ImageJ software, Bethesda, MD, 

USA) and Quantity-One (Imaging and Analysis Software by Bio-Rad Laboratories, Hercules, CA) and  

band intensity was reported as relative percentage (means ± SEM), obtained by calculating the ratio of 

specific protein on β-actin intensity and normalizing to control, set as 100. 

 

2.5. In vivo determination of the effect of 1,25(OH)2D3 on neuroprotection 
 
 

2.5.1 Intrahippocampal injection of Aβ(1−42) in rats 
 

The main aim of the experiment was to test the neuroprotective effects of 1,25(OH)2D3 after 

intrahippocampal injection of aggregated Aβ(1-42). For these studies, we used rats since there is more 

literature available (as compared to mice) on Aβ(1-42)-induced hippocampal toxicity (e.g. Amtul et al., 

2014; Villette et al., 2012). All experimental animals (n = 10) received an injection of aggregated Aβ(1-42) 

into the hippocampus to trigger neuronal degeneration. They were treated with intraperitoneal injections of 

either v e h i c l e ( saline, n = 4) or 1,25(OH)2D3 (1 µg/day/kg; n = 6) for 6 consecutive days before the 

hippocampal delivery of aggregated Aβ(1−42). 1,25(OH)2D3/saline treatment was continued at days 8-11- 

13-15-18 after Aβ(1−42). The dosing regime of 1,25(OH)2D3 was determined based on previous rat studies 

(e.g. Vieth et al., 1990). To obtain Aβ(1-42) oligomeric aggregates, the peptide solution was prepared as in 

(Dahlgren et al., 2002). Briefly, the lyophilised Aβ(1−42) peptide was dissolved in hexafluoro-2- 

isopropanol to 1.0 mM and then the solvent was evaporated. Aβ(1−42) oligomers were prepared by 

suspending the peptide in dimethyl sulfoxide to a concentration of 5 mM. For oligomeric conditions, Ham's 

F-12 was added to bring the peptide to a final concentration of 100 μM. Then, the sample was centrifuged  

at 16,000 rpm for 20 min, the pellet discarded and the supernatant incubated at 4 °C for 24 h without 

agitation. No significant destabilisation of the oligomers or change in their structures or morphologies could 
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be detected after this procedure, as previously reported (Campioni et al., 2010). 
 

For the intrahippocampal injections, rats were anesthetized with avertin and placed in a stereotaxic frame. 

Injections of 1 µL of a 1 mg/mL solution of aggregated Aβ(1−42) were made at the following coordinates 

(in mm with respect to bregma): A-P-3.8; M-L 2.5; H 2.6 below dura (Costantin et al., 2005; Antonucci et 

al., 2010; Caleo et al., 2012, 2013). 

 

2.5.2 Immunohistochemistry and stereological analysis of lesion size in rat CA1 
 

Selected coronal sections were also stained for the neuronal marker NeuN using a guinea pig polyclonal 

antibody (1: 1,000). Sections were blocked with 10% normal donkey serum in PBS containing 0.5% Triton 

X-100 and then incubated overnight at 4°C with the primary antibody. On the following day, sections were 

rinsed and incubated for 2 h at room temperature in a solution containing the secondary antibody  

conjugated with Alexa488 (1:500). Sections were washed in PBS and mounted using an anti-fading agent 

(Vectashield). 

 

2.6. In vivo determination of the effect of 1,25(OH)2D3 on neurogenesis 
 
 

2.6.1 Animals and Experimental procedures 
 

We decided to employ mice for these experiments, as our groups have obtained previous data of hippocampal 

and SVZ proliferation in this species (Rossi et al., 2006, Oboti et el., 2009). Four groups (groups 1-4; n=5 

animals/group) of male mice (3 months old) were used for this experiment. Groups 1 and 2 were 

intraperitoneally (ip) injected with 1,25(OH)2D3 (1.0 µg/kg/day) for five consecutive days. The following day 

(day sixth) Group 1 was injected with aggregated Aβ(1−42) (5 µg diluted in 2 µL of saline solution) into the 

left lateral ventricle. Group 2 was equally treated, but injected with unaggregated Aβ(1−42) (vehicle). 

Additional 1,25(OH)2D3 ip injections (1.0 µg/kg/day) were performed in Groups 1 and 2 at days 8 and 11. The 

dose of 1,25(OH)2D3 was determined on the basis of previous studies in mice (Chow et al., 2011; Zhu et al., 

2012). Groups 3 and 4 served as 1,25(OH)2D3 controls. Both were treated for five days with ip injections of 

saline solution (0.9% NaCl). At day sixth groups 3 and 4 were stereotaxically injected into the left 
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lateral ventricle with aggregated Aβ(1−42) or  unaggregated Aβ(1−42). At days 8 and 11 were performed  

two additional ip injections of saline solution in bothgroups. 

 
2.6.2. Tissue preparation 

 
Animals were deeply anesthetized with an intraperitoneal injection of ketamine and xylazine  3:1 solution  

and transcardially perfused with 0.9% saline solution followed by cold 4% paraformaldehyde  (PFA)  in 

0.1M phosphate buffer (PBS), pH 7.4. Brains were removed from skull and post-fixed for 4-6 hours in 4% 

PFA at 4°C, followed by a cryopreservation step using a 30% sucrose solution in 0.1M PB pH 7.4 at 4°C. 

Brains were included in OCT then frozen and cryostat-sectioned. Free floating coronal sections (25 µm) were 

collected in multi-well dishes in representative series. Sections were stored at -20°C in antifreeze solution 

(30% ethylene glycol, 30% glycerol, 10% PBS pH 7.4) until use. 

 
 

2.6.3. Quantification of hippocampal and SVZ neurogenesis 
 

BrdU immunohistochemistry. After rinsing in PBS to remove the antifreeze solution, sections were pre- 

treated with 2N HCl for 30 minutes at 37°C, for antigene retrieval, and neutralized with borate buffer, pH  

8.5, for 10 minutes. Next, sections were incubated for 24 h at 4°C in anti-BrdU (1:5000) diluted in 0.01 M 

PBS, pH 7.4, 0.5% TritonX-100, and 1% normal serum, made in the same host species of the secondary 

antibody. Then, sections were incubated for 1 h at room temperature in secondary biotinylated antibody 

followed by the avidin-biotin-peroxidase complex. To reveal immunoreactivity, we used 0.015% 3,3'- 

diaminobenzidine and 0.0024% H2O2 in 0.05 M Tris-HCl, pH 7.6. After adhesion on gelatin coated glass 

slides, sections were dehydrated and mounted in Sintex. The number of BrdU-immunoreactive cells in the 

dentate gyrus was estimated by using Stereo Investigator software (MicroBrightField, Colchester, VT, USA). 

All BrdU-positive cells in the granule cell layer and subgranular zone of every sixth section throughout the 

entire rostro-caudal extent of the hippocampus were counted, and the resulting number of cells was  

multiplied by six to give an estimate of the total number of BrdU-labelled cells in each individual animal 

(Rossi et al., 2006). All counts were performed blind to experimental treatment. 

Quantification of SVZ neurogenesis. Cell counts and image analyses were performed on  a  Nikon  

microscope equipped with a computer-assisted image analysis system (Neurolucida software; Micro- 
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BrightField). Brightness, color, and contrast were balanced and assembled into panels with Inkscape (Free 

vector graphics editors). All cell counts were performed blind to the genotype and/or the treatment. Cells 

were counted through the 25 μm thickness of the slice in one square of the grid (one of every two) by 

sequential translation of the counting frame until the area of interest was entirely covered (40x objective). 

This procedure allowed us to analyze about one-fourth of the area of interest. The number and position of 

each cell in the counted area were marked by the software. Cells contacting a line on the upper or left edge of 

the counting square were excluded from the counts, whereas those contacting the lower or right edge of the 

square were considered in the counts. Cell density (number of labeled profiles/mm3) was calculated by 

multiplying the area measurements for the mean section thickness (25µm) [Σ of sampled areas μm2 
 

×25μm]. 
 
 

2.7 Sphingolipid determination 
 

Cer and S1P measurement was achieved as described in Frati et al. (2015) and Pierucci et al. (2016). 

Briefly, SH-SY5Y cells were labeled with 40 μCi/ml of [3H]palmitate for 24 h in serum free-medium in the 

presence or absence of agonists for Cer quantification. Cells were then washed twice with ice-cold calcium-

free phosphate-buffered saline and scraped into 1 mL of methanol and successively mixed with 

0.5 mL of chloroform. Lipids were extracted by separation of phases with a further 0.5 mL of chloroform 

and 0.9 mLof a solution containing 2 M KCl and 0.2 M HCl. Chloroform phases were dried down under a 

stream of nitrogen and lipids were separated by thin-layer chromatography (TLC) using silica gel 60- 

coated glass plates. The plates were developed for 50% of their lengths with chloroform/methanol/acetic 

acid (9:1:1, v/v/v) and then dried. They were then developed for their full length with petroleum 

ether/diethylether/acetic acid (60:40:1, v/v/v). Radioactivity of the samples, obtained by scraping the Cer 

and C1P spots from the plates, was quantified by liquid scintillation counting (Beckman LS1000–counter). 

S1P was quantified essentially as reported in De Palma et al. (2006) and Pierucci et al. (2016). 

Differentiated cells were incubated with serum-free medium and 2 μCi of [3H]serine for 24 h. Total lipids 

were extracted by the addition to cells of CHCl3: CH3OH:HCl (100:200:1, vol:vol:vol). Lower phase was 

evaporated  and  lipids  separated  by TLC  on  Silica  Gel  60  with CH3(CH2)3OH/CH3COOH/H2O (3:1:1, 



13  

vol:vol:vol). The radioactive spots corresponding to S1P were identified and quantified by liquid 

scintillation counting. 

 
 

2.8 Sphingosine kinase activity measurement 
 

SphK activity was determined essentially as described in (Bini et al., 2012, Frati et  al.,  2015). Briefly,  

equal amounts of protein (60 μg) from SH-SY5Y cells were incubated in assay buffer in the presence of 20 

μmol/L Sph and 200 mmol/L ATP ([32P]ATP (3µCi/assay). SphK activity was  measured  in  a  typical 

buffer solution for detecting mainly SphK1 isoform activity. Reactions were started with the addition of 

lysate proteins and incubated for 30 min at 37° C. The formed [32P]S1P in the organic phase was separated 

by thin layer chromatography (TLC) on Silica Gel 60 using CH3(CH2)3OH/ CH3COOH/H2O (3:1:1, 

vol:vol:vol) (Frati et al., 2015). The radioactive spots corresponding to authentic S1P was identified and 

quantified by scraping from the plates and counting the radioactivity 

 
 

2.9 Reverse transcription and Real-time PCR 
 

RNA isolation. Total RNA was isolated by extraction with TRIREAGENT, according with the 

manufacturer’s instructions. Concentration and purity of extracted  total  RNA  were  evaluated  as 

described in Pierucci et al. (2016). 

Reverse transcription and PCR analysis. One-two µg of total RNA from cells were reverse- transcribed to 

single stranded cDNA using the commercially available cDNA Synthesis Kit (SuperScript® III cells Direct 

cDNA Synthesis Kits, according to the manufacturer’s instructions. Samples were incubated at 25°C for 5 

min, at 42°C for 50 min and then at 85°C for 5 min in a thermal cycler (Perkin Elmer). 

Real time PCR. Quantitative real-time PCR was carried out using the 7500FAST System (Applied 

Biosystems, Darmstad, Germany) as previously reported (Frati et al., 2015). A set of primers (200 nM) for 

ATF4 gene (forward primer: 5’AAACCTCATGGGTTCTCCAG3’ and reverse primer: 

5’CATCCTCCTTGCTGTTGTTG3’) and β-actin (forward primer:5'GGCACCACCATGTACCC 3' 

reverse primer: 5'ATGTGGATCAGCAAGCAG3') were used. The expression of ATF4 genes were 

quantified in comparison with the housekeeping gene β-actin. PCR amplifications were performed on 
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cDNA samples corresponding to a final RNA concentration of 50 ng. PCR was performed in a total volume 

of 25 µL containing PCR Master mix and 2 µL of cDNA. Reaction conditions were as follows: 95°C for 10 

min, followed by 40 cycles at 95°C for 30s alternating with 58°C or 55°C for 30 s and 72°C for 45 s. PCR 

amplifications were run in duplicates. Blank controls, consisting in no template (water) or RT negative 

reactions, were performed in  each  run. The results of the real-time PCR were presented as Ct values,  

where Ct was defined as the PCR threshold cycle at which amplified product was  first  detected.  All  

values were normalized to the β-actin housekeeping gene expression and ∆Ct calculated. 

 

2.10 Statistical analysis 
 

Data are presented as mean ± SEM. The results are compared using Student's t-test between two groups, or 

using ANOVA followed by post hoc test among three groups or more. For the in vivo analysis of 

neurogenesis, we employed two way ANOVA (two factors: systemic treatment – 

vehicle/1,25(OH)2D3 and intracerebral injection –  unaggregated/aggregated Aβ(1-42), followed by  

a post-hoc Multiple Comparison Procedure (Tukey Test). A value of P<0.05 was considered 

significant. For neurite length determination, mean values were obtained by averaging values from the 

measurement of approximately 50 neurites per well in two separate wells ( n=3 independent experiments) (t-

test, two-way ANOVA). 
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RESULTS 
 
 

3.1. 1,25(OH)2D3 prevents Aβ-induced cytotoxicity in differentiated SH-SY5Y cells. 
 
 

SH-SY5Y cells have been differentiated by treatment with RA for 5 days and BDNF for 3 days, and treated 

in the presence or the absence of 100 nM 1,25(OH)2D3 for 24 h and in the presence or the absence of 1 

µM Aβ for 6 hours, as described in Material and Methods. The incubation in the presence of Aβ induced 

morphological changes in differentiated SH-SY5Y neuroblastoma cells. Fig. 1A-B show that this treatment 

led to the reduction of neurite length. 

The treatment with Aβ reduced cell number (Fig. 1C) and decreased mitochondrial function, measured as 

capability of MTS reduction (Fig 1D) and BAX mitochondrial localization (Fig 1E). These effects were 

prevented by 1,25(OH)2D3 treatment for 24 h prior Aβ(1−42) administration. Similarly, the structural 

analogue of 1,25(OH)2D3, ZK 191784, prevented the toxic effect of on cell cycle, whereas the inactive 

analogue, ZK156722 was ineffective. In fact, as shown in Fig.1F the percentage cells in G0/G1 significantly 

increased in the presence of Aβ(1−42). Notably, the treatment with 1,25(OH)2D3 or ZK191784 prior of 

Aβ(1−42), induced a reduction of the percentage of  cells  in this phase, whereas the cells in S and G2  

phase were significantly increased respect to Aβ alone, and ZK159222 was ineffective. All these results 

suggest a protective effect of 1,25(OH)2D3 and its analogue respect to the cytostatic/toxic effect of 

Aβ(1−42). 

 
 

3.2. Chronic  1,25(OH)2D3  treatment reduces Aβ(1−42)-induced neuronal damage in CA1 subfield  

of rat hippocampus 

 

To confirm the neuroprotection elicited by 1,25(OH)2D3 treatment in vivo, adult rats were pre-treated with 

either 1 µg/day/kg 1,25(OH)2D3 or saline for 6 days and then challenged with an  intrahippocampal  

injection of aggregated Aβ(1−42) (1 µL of a 1 mg/mL solution) as described in Materials and Methods. 
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Lesion size was determined by stereology at day 21. In all animals, the site of neuronal loss was localized in 

the CA1 subfield of the hippocampus (Fig. 2), and there was no evidence of neuronal loss in the 

contralateral side. The percentage of neuronal loss in animal treated with 1,25(OH)2D3 was significantly 

reduced compared with the control group suggesting that rats  chronically-treated  with  the  hormone 

exhibit protection against Aβ(1−42)-induced toxicity. 

 

3.3 Impact of 1,25(OH)2D3 on neurogenesi 
 
 

We quantified cell proliferation in both the SVZ and SGZ of the dentate gyrus of mice treated with 

aggregated/unaggregated Aβ(1−42) and 1,25(OH)2D3. To label dividing cells we administered  

systemically the thymidine analogue BrdU. We found that the treatment with 1,25(OH)2D3 or Aβ(1−42) 

(alone and in combination) did not affect cell proliferation in SVZ (Fig 3A). Surprisingly in the dentate 

gyrus (DG), the hormone significantly enhanced the number of BrdU-positive cells with  respect  to  

controls (Fig. 3B), suggesting a different responsiveness to 1,25(OH)2D3 of the two neurogenic zones. 

When 1,25(OH)2D3 and aggregated Aβ(1−42) were used in combination, the toxic peptide abrogated the 

proliferative effect of 1,25(OH)2D3. These findings suggest a distinctive susceptibility to the effect of  

1,25(OH)2D3 of neural cell precursors from different niches and the ability of aggregated Aβ(1−42) to 

counteract the proliferative effect of the hormone. 

 
 

3.4. 1,25(OH)2D3 prevented Aβ(1−42)–induced cytotoxicity affecting sphingolipid content and 

sphingosine kinase activity in differentiated SH-SY5Y neuroblastoma cells 

 

The molecular mechanisms involved in 1,25(OH)2D3 action are not fully investigated. Recently, we 

demonstrated that Cer/CerK play a role in the antiproliferative effect of 1,25(OH)2D3 in neuroblastoma  cells 

(Bini et al., 2012). Therefore, in order to establish the involvement of SLs in the neuroprotective  action of 

the hormone, we measured the activity of the SphK, the enzyme that catalizes the 
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phosphorylation of sphingosine leading to S1P formation (Fig. 4A) aggregated oligomers Aβ(1−42)  

induced a strong reduction of SphK activity (up to 70% of the control) and in  the  presence  of  

1,25(OH)2D3 the reduction of enzyme activity is significantly less pronounced. 

In addition, differentiated SH-SY5Y cells were labeled for 24 h with 3H-serine before treatment with 
 
 

1,25(OH)2D3 and the toxic peptide as described in Material and Methods. The  radioactivity associated  

with Cer and S1P were measured. As shown in Fig. 4BC, either 1,25(OH)2D3 or Aβ(1−42) induced a 

significant decrease of [3H]- labeled S1P, whereas it determined an increase of [3H]-labeled Cer. The 

incubation in the presence of both 1,25(OH)2D3 and Aβ(1−42) restored the basal levels of either S1P and 

Cer. On the other hand, no significant difference was observed for SM and sphingosine content (data not 

shown). 

The control of cell fate depends on S1P/Cer rheostat, therefore, when we calculated this ratio, we found   

that the treatment with Aβ elicited a strong reduction that was partially reverted by 1,25(OH)2D3 (Table 1), 

suggesting that the hormone is able to control the balance between the prosurvival factor, S1P, and the pro- 

apoptotic factor, ceramide. 

 
 

3.5. 1,25(OH)2D3 exerts its neuroprotective action through S1P/S1P1 axis 
 
 

Since S1P1 expression is altered in AD (Ceccom et al., 2014), we have also investigated  whether  

incubation with 1,25(OH)2D3 or/and the toxic peptide modulated S1P1 expression in differentiated SH- 

SY5Y cells. As reported in Fig 5AB, 1,25(OH)2D3 slightly increased  S1P1  expression,  whereas  

Aβ(1−42) led to a decrease in receptor expression. Notably, the reduced expression of  this  receptor 

subtype elicited by Aβ(1−42) was prevented by 1,25(OH)2D3 treatment, suggesting that the hormone can 

interfere with the signaling downstream to S1P receptor. 

Conversely, the quantification of S1P1 mRNA expression by real time PCR did not show any significant 

difference either in the presence of 1,25(OH)2D3  or  the  combination  of  1,25(OH)2D3  and  Aβ(1−42) 

(Fig. 5C), suggesting that the S1P1 expression reduction might be due to protein degradation rather than to 
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gene transcription. 
 
 

3.6. S1P/S1P1 axis regulates p38 MAPK/ATF4 system 
 
 

It is known that increased p38 MAPK activity are associated with the neuropathology of AD patients (Sun et 

al., 2003) and ER stress, we finally investigated whether p38 MAPK was downstream to S1P1 in 

differentiated SH-SY5Y cells. When SH-SY5Y cells were incubated in the presence of the S1P1 antagonist 

W146, the expression of the active phosphorylated form of p38 MAPK was significantly decreased, 

suggesting that p38 MAPK is downstream to S1P1 receptor (Fig.6AB). Notably, 1,25(OH)2D3 as well as 

ZK191784 treatment prior the toxic peptide Aβ(1−42) could also prevent the increase  of  active  p38 

MAPK elicited by the peptide as well as tunicamycin, a commonly used ER stress inducer (Fig. 6CD). 

Finally, we examined whether1,25(OH)2D3 and its analogue could exert its neuroprotective action by 

regulating the expression of ER stress-induced transcription factor activating-transcription-factor-4 (ATF4) 

(Wei et al., 2015), implicated in the regulation of synaptic  plasticity  and  memory  (Pasini  et  al.,  2015). 

The changes in the expression levels of ATF-4 were investigated by real time PCR (data not shown) as well 

as Western Blotting in SH- SY5Y cells treated with 1,25(OH)2D3 or its analogue prior Aβ(1−42) or 

tunicamycin. As shown in Fig.7AB, treatment with aggregated Aβ(1−42) oligomers induced the 

upregulation of ATF4 protein  expression  that  was  reduced  in  the  presence  of1,25(OH)2D3  or  

ZK191784. 
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DISCUSSION 
 
 
 

Increasing evidence indicates that 1,25(OH)2D3 has a neuroprotective role in  the  nervous  system,  

including AD neurodegeneration (Eyles et al., 2013; DeLuca et al., 2013; Grimm et al., 2014). The 

mechanism of neuroprotection against Aβ(1−42)−induced toxicity might include anti-inflammatory actions, 

antioxidant effects, control of calcium homeostasis, anti-atrophic effects through the increased expression of 

neurotrophins and attenuation of Aß peptide accumulation (Annweiler et al., 2014, Landel et  al.,  2016). 

Most of these processes are also regulated by bioactive SLs (Ghasemi et al., 2016; Pyne et al., 2016; Gomez- 

Muñoz et al., 2016). The aim of the present study was to investigate whether 1,25(OH)2D3 and SLs, in 

particular the pro-survival factor S1P, could act synergistically on neurogenesis and on neuroprotection 

against Aβ(1−42)−induced toxicity. 

We provide the first demonstration that 1,25(OH)2D3 and its structural analogue ZK191784 counteract the 

Aβ(1−42) peptide-induced toxicity through the modulation of S1P/S1P1/p38MAPK/ATF4 pathways in 

differentiated SH-SY5Y cells. The dose of Aβ(1−42) used in the in vitro experiments was able  to  induce  

cell cycle arrest, and it had only a minor effect on cell death. Therefore, this approach allows to better assess 

the combined effects of different cell signaling pathways. We also present preliminary in vivo evidence on the 

potential role of 1,25(OH)2D3 as a neuroprotective factor. The  experimental  conditions  used in vivo 

mimic an acute increase of Aβ(1-42) levels in the brain parenchyma thus allowing the development of 

Alzheimer-like neurotoxicity. 

An early event in AD pathogenesis is the drastic reduction of S1P content  due  to  the  changes  in the 

activity of the enzymes responsible for its synthesis and degradation, SphK and S1P lyase (Takasugi et al., 

2011; Ceccom et al., 2014; Couttas et al.,  2014).  In  agreement  with  these findings, we show reduced  

SphK activity and enzyme phosphorylation in SH-SY5Y cells treated with Aβ, and, interestingly, 

1,25(OH)2D3 treatment leads to  recovery of  the  basal  level  of  S1P. These results extend those obtained 

by Ceccom et al., (2014) and Gomez-Brouchet et al. (2007) that reported a reduction of S1P content and 

protein SphK1 expression by Aβ in cell culture studies as well as in AD patients. 

Very recently, AlzPathway, a comprehensive knowledge repository of protein-protein and gene 
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regulatory networks in AD,  has been updated and Cer has been highlighted as one of the main players in    

the pathogenesis of AD (Mizuno et al., 2016). In fact, increasing levels of Cer have also been found in cell 

and animal models of AD and in AD patients; Cer has been also shown to stabilize APP cleaving via β-

secretase (Puglielli et al., 2003). Notably, in our experiments, 

1,25(OH)2D3 is able to re-set the ratio S1P/Cer in favour of the pro-survival effect by reducing the increase 

of Cer elicited by Aβ. 

The bioactive lipid S1P is released by many cell types, including neurons and, by acting as a ligand, it 

triggers specific G-protein coupled receptor-mediated signaling (Strub et al., 2010). Here, we found that 

1,25(OH)2D3 treatment alone affects S1P1 content and counteracts its reduction promoted by Aβ. The 

expression of this S1PR subtype has been demonstrated to be diminished in AD (Ceccom et al., 2014). 

Therefore, the experimental evidence of a protective role of S1P signaling in AD animal models is consistent 

with the idea that the signaling pathways, triggered by S1P receptors are impaired in the AD pathology. 

S1P1 triggers several Gi-mediated signaling pathways (Maceyka and Spiegel, 2014). Among them, the Gαi-

PI3K-PKC-p38MAPK cascade is active in sensory neurons (Langeslag et al., 

2014). Aβ promotes ER-stress leading to activation of specific targets, including  CHOPS, 

PERK/eIF2α/ATF4 and ATF6 (De Felice and Lourenco, 2015), and stimulates p38, a member of the stress- 

activated MAP kinases  (Kyriakis  and  Avruch,  2012).  Notably,  here,  we  report  that active  p38  MAPK 

is downstream of S1P1 and that 1,25(OH)2D3 as well as its structural analogue ZK191784  are able to 

prevent its activation. It is known from knockdown studies in rodent hippocampal neurons that ATF4 acts as 

an essential factor for normal synaptic plasticity and memory (Wei et al., 2015). In our study, the 

pharmacological inhibition of p38 MAPK as well as 

1,25(OH)2D3 or ZK191784 treatment is sufficient to prevent, at least in part, Aβ(1−42)-induced ATF4 

expression, providing the first evidence of a link between 1,25(OH)2D3 and ATF4. Therefore, the 

neuroprotective action of 1,25(OH)2D3 against Aβ-toxicity involves the inhibition of p38 MAPK 

phosphorylation and downregulation of the expression of ATF4, important regulator of the physiological  

state of neurons. 

To further study the relevance of 1,25(OH)2D3 treatment against Aβ toxicity in vivo, we infused 
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aggregated Aβ(1−42) directly into the hippocampus of adult rats. This experimental system, widely used to 

determine the neuroprotective potential of several compounds  (Ryu et  al., 2004; Xuan et al., 2012) offers  

the advantage that Aβ(1−42) levels can be acutely elevated in a specific brain district, and neuronal loss 

occurs rapidly (within 1 to 2 weeks; Jean et al., 2015). We found that the neurotoxic  effect  was 

considerably reduced when the animals were pretreated with 1,25(OH)2D3. Indeed we observed a significant 

rescue of vulnerable CA1 pyramidal neurons in hormone-treated rats. Based on our in vitro findings, the  

most likely explanation of these data is that 1,25(OH)2D3 acts by activating pro-survival pathways  directly 

in neurons. Since Aβ causes neuronal loss also indirectly (via activation of glial cells), an alternative 

hypothesis is that 1,25(OH)2D3 treatment reduces pro- inflammatory pathways in microglia and astrocytes. 

Since SLs are mediator of inflammation processes in many conditions (Gomez-Munoz et al., 2016), 

1,25(OH)2D3 could act through these bioactive lipids preventing a further damage in a  tissue  already 

injured by inflammation. 

Adult neurogenesis allows the regeneration of certain neuronal populations in the CNS after damage (Peretto 

et al., 2015). In mammals, neural stem cells are mainly located within the SVZ and the SGZ zone. 

Hippocampal neurogenesis appears to be differentially affected during the progression of the neurogenerative 

diseases (Gomez-Nicola et al., 2014; Mainardi et al., 2014). Indeed,  Ekonomou  et  al.   (2015)  have  found  

a decrease in newly generated  neurons  in  the SGZ, but  not  in  SVZ,  correlated  with  AD  advanced 

stages. We have studied neurogenesis in the SVZ of mice and we have not observed an increase of 

neurogenesis after Aβ(1−42) injection, probably because our  experimental  model  reflects  the  initial  step 

of the disease.  Interestingly,  we  have found that  1,25(OH)2D3  increases neurogenesis only in the SGZ,  

but not in the SVZ of mice. Although these results might seem unexpected since 1,25(OH)2D3 usually has  

an antiproliferative role (Cui et al., 2007; Zhu et al., 2012), it is in agreement with Shirazi et al., (2015)  

which have recently reported a proliferative effect  of  1,25(OH)2D3  on  neuronal  stem  cells.  Therefore, 

the effect of 1,25(OH)2D3 on neurogenesis appears to be complex since it may depend on  the  

developmental and pathological stage and on the characteristics of the neurogenic niche. In fact, although 

embryonic and adult neurogenesis in both SGZ and SVZ share multiple common regulatory factors, several 

differences have been also identified in adult neurogenic niches regarding the specification of neural 
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progenitors as well as internal/external stimuli (i.e. hormones/enviromental conditions) capable to modulate 

these processes (Ming and Song, 2011; Schoenfeld and Gould, 2013; Luzzati et al., 2014). 

Other interesting finding pinpointed by our data is that 1,25(OH)2D3-mediated enhancement of 

stem/progenitor  cell   proliferation   in   the   hippocampal   SGZ   was   completely   abolished   by 

Aβ(1−42) oligomers intra- cerebroventricular infusion, which by itself had no significant effects on 

neurogenesis. Therefore, our data may indicate  that  1,25(OH)2D3  and the toxic peptide  Aβ(1−42) 

converge antagonistically  on  the  same intracellular pathways and/or same stem cell niche or precursor  

cells. The maintenance of the normal functionality of the stem cell niche might be a  1,25(OH)2D3- 

dependent event and the capability of aggregated Aβ(1−42) to promote progression of the disease might 

include an effect that interferes with the beneficial action of the hormone in that niche. 

In conclusion, the present work demonstrates that SphK/S1P1  axis  is  an  essential  effector  of 

1,25(OH)2D3 in the control of  human  SH-SY5Y  differentiated  cells  survival.  Similarly,  the 

1,25(OH)2D3 structural analogue ZK191784 mimics hormone action against Aβ(1−42) peptide toxicity 

affecting S1P1/p38MAPK/ATF4 axis. The knowledge of the crosstalk between 1,25(OH)2D3 and SLs and 

the molecular mechanisms involving S1P1/p38MAPK as well as ER stress response in the neuroprotective 

action, could help to identify a new preventive approach in protein aggregation- based disorders. 
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Figure legends 
 
 

Figure 1. Effect of Aβ and 1,25(OH)2D3 on cell morphology, cell proliferation, cell viability, 

and apoptosis in differentiated SH-SY5Y cells. 

 
 

Effect of Aβ or Aβ and 1,25(OH)2D3 on cell morphology (A), cell proliferation (B), cell viability (C) and 

apoptosis (D) in differentiated SH-SY5Y cells. A. Morphological comparison between undifferentiated and 

differentiated SH-SY5Y cells after 1 µM aggregated Aβ(1−42) (Aβ) or unaggregated Αβ (vehicle) or 100 

nM 1,25(OH)2D3 or Aβ and 1,25(OH)2D3 treatment. Cells were exposed for 16 h to 1,25(OH)2D3 and  

then to the amyloid  peptide  for the last  6 h incubation. Note the dramatic morphological changes in  

cell body dimension, neurite outgrowth and complexity (bar= 30 µM). B. Neurite length. Cells were treated 

as described in A and neurite length measured as described in Methods. Mean values were obtained by 

averaging values from the measurement of approximately 50 neurites per well in two separate wells ( n=3 

independent experiments) (t-test, two-way ANOVA). Data are expressed as means + SEM. C. Cell number 

was measured by counting the cells after 0.1% Trypan Blue incubation. Data are means (± S.E.M.) of n=7 

independent experiments. D. Cell viability was determined by MTS assay  in  the  conditions  reported 

above and in Methods. Absorbance at 490 nm is reported as means (± S.E.M.) of n=5 independent 

experiments (Student's t test, *p < 0.05 vs vehicle, § p < 0.05 vs Aβ). E. Protein expression levels of the pro-

apoptotic factors, Bax, was evaluated by Western Blotting analysis  as  in  Methods  and  β-actin  content 

was used as loading control. Data resulting from  densitometric  analysis  of  three  independent blots is 

reported (± S.E.M. less than 15%). F. Cell cycle analysis. SH-SY5Y cells treated  with  unaggregated 

(vehicle) or aggregated Aβ(1−42) (Aβ) (6 h) and 1,25(OH)2D3 or hormone analogue ZK159222 or 

ZK191784 alone or prior Aβ plus (24 h) were fixed and processed with Tali® Image-Based Cytometer as 

described in Methods. Data are reported as single dots of n=3 independent experiments performed in 

duplicate (Student's t test, *p < 0.05 vs vehicle; §p < 0.05 vs Aβ). 
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Figure 2. Effect of Aβ(1−42) and 1,25(OH)2D3 on hippocampal histology in adult rats. 
 

Hippocampal histology in representative control and aggregated Aβ(1−42)(Αβ)−injected rats. All  

sections were stained with NeuN to visualize the CA1 pyramidal cell layer (Pyr). Control hippocampus (a); 

hippocampus injected with aggregated Aβ(1−42) (Aβ) and treated with vehicle (b) or 1,25(OH)2D3 (c). 

Scale bar = 100 µm. s. o., stratum oriens; s.r., stratum radiatum. Quantification of lesion in Aβ- and  

1,25(OH)2D3+Aβ-treated rats (d). Data are normalized to the average of lesion measured  in  animals 

treated with aggregated Aβ(1−42) (Aβ, 100%) are reported as mean ± S.E.M. (Student’s t-test, p < 0.001). 

 
 

Figure 3. Effect of Aβ and 1,25(OH)2D3 on stem/progenitor cell proliferation in the adult 

mouse brain 

 
A. Impact of Aβ  and 1,25(OH)2D3  on proliferation of  SVZ cells. Cell counts were performed as reported  

in Methods. Data expressed as BrdU-positive cells/mm2 are mean ± S.E.M of at least four independent 

experiments. B. Impact of Aβ(1−42) and 1,25(OH)2D3 on proliferation of subgranular  zone  cells.  

Systemic treatment with 1,25(OH)2D3 (but not vehicle) enhances the number of proliferating cells in the 

subgranular zone of dentate gyrus and its  effect is  abolished  by  treatment  with aggregated  Aβ(1−42)  

(Aβ). Data represent the stereological counts of BrdU-positive cells in the whole hippocampus and are 

expressed as mean ± S.E.M. (two way ANOVA followed by Tukey test, ***p < 0.001). 

 
 
 

Figure 4. Sphingosine kinase activity and sphingolipid content are modulated by 

1,25(OH)2D3 and Aβ in differentiated SH-SY5Y cells 

 
A. SphK activity. SphK activity was determined in cell  lysates  (30-50  µg)  obtained  from  SH- SY5Y 

cells  treated  with  unaggregated Αβ(1−42) (vehicle)  or  aggregated  Aβ(1−42) (Aβ)  or/and  

1,25(OH)2D3 as indicated in Fig. 1. Enzyme activity is reported as percentage of control. Data are 
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mean ± SEM of at least three independent experiments performed in duplicate (Student's t test, *p < 0.05, 

Aβ +1,25(OH)2D3 vs Aβ). B-C. Sphingolipid determination. Differentiated SH-SY5Y  cells  were  

incubated for 24 h with [3H]serine and then treated with unaggregated or aggregated Aβ(1−42) or/and 

1,25(OH)2D3. Sphingosine 1-phosphate (S1P) and ceramide (Cer) were extracted as reported in Methods 

and [3H]-radiolabelled-Cer and [3H]-radiolabelled-S1P quantified as in Methods. SLs content on total 

radiolabeled [3H]lipids is reported as mean ± S.E.M. of at least three independent experiments (Student's t 

test, * p<0.05 vs vehicle). 

 
 

Figure. 5 1,25(OH)2D3 exerts its neuroprotective action through S1P/S1P1 axis 
 
 

A-B. S1P expression. Cell lysates (20-30 µg) obtained from differentiated SH-SY5Y cells treated with 

unaggregated Αβ (vehicle) or aggregated Aβ(1−42) (Aβ) or/and 1,25(OH)2D3 were separated by SDS- 

PAGE. Protein blotted to nitrocellulose membrane were then immunodetected using specific anti-S1P1 

antibody. β-actin was used as loading control. Data resulting from densitometric analysis of S1P1 and β- 

actin were normalized. A blot of a representative experiments is reported. Data are means ± SEM of at least 

three independent experiments. C. Quantification of S1P1 mRNA expression by Real Time PCR. 

Differentiated SH-SY5Y cells treated w i t h unaggregated Αβ (vehicle) or aggregated Aβ(1−42) (Aβ) 

or/and 1,25(OH)2D3 were used for RNA preparation and reverse transcription as described in Methods. 

Data are reported as relative fold of expression ± SD. * p<0.05 vs vehicle, § p < 0.05 vs Aβ 

 

Figure 6. Effect of S1P inhibition and 1,25(OH)2D3 on p38 MAPK levels in SH-SY5Y cells. 
 
 

A-D Phospho-p38 MAPK expression. Protein expression levels of phospho-p38 MAPK (p-p38) was 

determined by Western blotting as described in Methods and Fig. 5. Cell lysates (20-30 µg) obtained from 

differentiated SH-SY5Y cells treated with vehicle or S1P antagonist W146 (2 µM) or 1,25(OH)2D3 (100 

nM) for 24 h and W146 and S1P agonist SEW2871 (2 µM) for 10 min or pre-treated with 1,25(OH)2D3 
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or ZK191784 for 16 h and then incubated with Aβ for the last 6 h. In some experiments cells were treated 

with 1,25(OH)2D3 or ZK191784 for 8 h before the addition of tunicamycin (TUN) for 16 h. Proteins were 

loaded onto SDS-PAGE and protein immunodetected by specific  antibodies  anti-phospho  p38.  β-actin 

was used as loading control. Data resulting from densitometric analysis of at least n=3 independent 

experiments is shown in the graph (mean±S.E.M.). (Student's t test, C.* p<0.05 vs vehicle, # p < 0.05 vs 

1,25(OH)2D3; D. *p<0.05 vs vehicle, # p < 0.05 vs TUN, § p < 0.05 vs Aβ). 

 
Figure 7. Effect of 1,25(OH)2D3 and its analog ZK191784 on transcriptional factor ATF4 

protein expression in the presence of Aβ or Tunicamycin 

 
 

A. Cell lysate (20-30 µg) obtained from differentiated SH-SY5Y cells treated in the absence or in the 

presence of 1,25(OH)2D3  or  ZK191784  prior  to  aggregated  Aβ(1−42) (Aβ)  or  unaggregated 

Aβ(1−42) (vehicle) for 6 h or Tunicamycin (TUN, 2 µM) for 16 h were loaded onto SDS-PAGE and  

protein immunodetected by specific antibodies. β-actin was used as loading control. Blot shown is 

representative. Data resulting from densitometric analysis of at least n=3 independent experiments is shown 

in the graph (mean ± SEM). (Student's t test, C.* p<0.05 vs specific control, # p < 0.05 vs TUN). 
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