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Abstract: Vitamin Ds hypovitaminosis is associated with several neurological diseases such as Alz-
heimer’s disease, Parkinson’s disease or multiple sclerosis but also with other diseases such as can-
cer, diabetes or diseases linked to inflammatory processes. Importantly, in all of these diseases lipids
have at least a disease modifying effect. Besides its well-known property to modulate gene-expres-
sion via the VDR-receptor, less is known if vitamin D hypovitaminosis influences lipid homeostasis
and if these potential changes contribute to the pathology of the diseases themselves. Therefore, we
analyzed mouse brain with a mild vitamin D hypovitaminosis via a targeted shotgun lipidomic
approach, including phosphatidylcholine, plasmalogens, lyso-phosphatidylcholine, (acyl-/acetyl-)
carnitines and triglycerides. Alterations were compared with neuroblastoma cells cultivated in the
presence and with decreased levels of vitamin D. Both in cell culture and in vivo, decreased vitamin
D level resulted in changed lipid levels. While triglycerides were decreased, carnitines were in-
creased under vitamin D hypovitaminosis suggesting an impact of vitamin D on energy metabo-
lism. Additionally, lyso-phosphatidylcholines in particular saturated phosphatidylcholine (e.g., PC
aa 48:0) and plasmalogen species (e.g., PC ae 42:0) tended to be increased. Our results suggest that
vitamin D hypovitaminosis not only may affect gene expression but also may directly influence
cellular lipid homeostasis and affect lipid turnover in disease states that are known for vitamin D
hypovitaminosis.

Keywords: vitamin D hypovitaminosis; shotgun lipidomics; calcitriol; neurodegenerative diseases;
phosphatidylcholine; phosphatidylcholine plasmalogen; lyso-phosphatidylcholine; carnitine; tri-
acyl glyceride
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1. Introduction

About 85% of the elderly population has vitamin D hypovitaminosis with vitamin D3
serum levels <50 nmol/L [1,2]. The insufficient levels of this fat-soluble vitamin could be
attributed to their homebound lifestyle since vitamin Ds is synthesized in the human skin
exposed to solar ultraviolet (UV) B radiation (290-315 nm) starting from 7-dehydrocho-
lesterol [3]. This secosteroid, also called cholecalciferol, is hydroxylated in the liver by cy-
tochrome P450 2R1 (CYP2R1) to 25-hydroxyvitamin Ds (Calcidiol, 25(OH) Vitamin Ds).
Calcidiol is further hydroxylated in the kidney by cytochrome P450 27B1 (CYP27B1), re-
sulting in the formation of 1,25-dihydroxyvitamin Ds (Calcitriol, 25(OH)2 Vitamin Ds), the
active hormone, which exerts its biological effects via binding to the vitamin D receptor
(VDR). Mediated by this nuclear hormone receptor superfamily member, forming a het-
erodimer with the retinoid X receptor, vitamin Ds regulates the transcription of genes con-
taining a VDR response element [4].

The best-known biological function of vitamin Ds was found in the modulation of
calcium and phosphorus homeostasis, being essential for bone mineralization. In this con-
text, vitamin Ds deficiency is the cause for osteomalacia and osteoporotic pathophysiology
in the elderly [5]. Numerous other functions of vitamin Ds, for example immunomodula-
tory functions, were reported. Moreover, vitamin Ds could be associated with several
other health disorders, such as cardiovascular disease, metabolic syndrome, insulin re-
sistance, diabetes, different types of cancer, nonalcoholic fatty liver disease (NAFLD) as
well as neurodegenerative and neuropsychiatric disease [6-10].

It was shown previously that vitamin D is associated with membrane fractions in rat
kidney and based on these findings, a link of vitamin Ds actions with the function of cel-
lular membranes was assumed [11]. Additionally, and concerning the role of vitamin Ds
in calcium homeostasis, the calcium absorption by the small intestine is mediated by trans-
porting calcium across biological membranes. In line with this, there is early evidence
from the literature that 1,25-dihydroxyvitamin Ds influences phospholipid composition
in rat kidney samples [12] or chick intestine [13]. Recently, the relevance of the VDR for
liver lipid metabolism was shown in human hepatocytes using transcriptomic and metab-
olomic analyses [14]. Additionally, in the intestine, VDR-mediated changes in lipid home-
ostasis were observed in mouse studies [15,16]. Moreover, several observational and met-
abolic studies on vitamin D and lipid profiles from serum samples as well as randomized
controlled trials were published, yet with inconsistent outcomes as reviewed in [17]. A
recent clinical study examining the effects of vitamin D status on serum lipids in 1475
Chinese adults suggested a gender-dependent association between vitamin D deficiency
and an elevated risk for dyslipidemia [18].

Based on the findings that enzymes involved in the synthesis of vitamin D3 and the
VDR itself are expressed in brain tissue, the link between vitamin Ds and brain functions
is obvious. The question whether vitamin Ds deficiency is associated with neurodegener-
ative disorders was the aim of our current research. In this context, recent studies could
elucidate the molecular mechanisms of vitamin D and their role in Alzheimer’s disease
[8,19]. Regarding 1,25-dihydroxyvitamin Ds, an early study reported increased neuronal
density after permanent treatment of rats with calcitriol for up to 12 months and suggested
a function of vitamin D in the modulation of markers of brain aging [20]. An overview of
the multiple brain functions and the neuro-psycho-pathophysiological role of calcitriol
resulting from animal and cell culture studies is given in [21].

Most of the published studies investigated the effects of vitamin Ds on lipids in tis-
sues such as kidney or intestine and in the context of neurological or chronic diseases, but
little is known about the influence of this secosteroid on brain lipid metabolism. Moreo-
ver, the question if a direct effect of vitamin Ds on lipids may trigger the pathophysiology
of several diseases that are known to be related to impairments in vitamin Ds status arises
since numerous lipids are involved in the before mentioned diseases, as shown in Supple-
mental Figure S1 [22-34]. In the present study, we aimed at clarifying the role of vitamin
Ds and VDR on lipid homeostasis in brain. Therefore, we use a targeted lipidomics
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profiling approach analyzing the most abundant lipid species in the human neuroblas-
toma cell line SH-SY5Y [35], a frequently used cellular model for studying neurodegener-
ative disorders such as Alzheimer’s disease [36-38]. Besides the fact that they are the main
lipid species in brain and the used neuroblastoma cell line, we focused on lipids, which
are known to be altered by AD, or lipids, which are indicated to modulate the disease
progression. Moreover, lipids, which have a sufficient signal-to-noise ratio, can be unam-
biguously identified by shotgun lipidomics approaches utilizing multiple reaction moni-
toring. These lipids, 255 species in total, include phospholipids (phosphatidylcholines
(PCaa), phosphatidylcholines-plasmalogens (PCae), lyso-phosphatidylcholines (lyso-
PC)), and lipid species associated to the cellular energy metabolism and B-oxidation (car-
nitines and neutral lipids (triacyl glycerides (TAG)). Phosphatidylcholine (PC, 1,2-diacyl-
sn-glycero-3-phosphocholine), also known under its trivial name lecithin, is the most
abundant phospholipid in animals and an essential component of membrane bilayers. PC
can exist in the diacyl form (PCaa) or in the alkyl-acyl form (PCae), also known as PC-
plasmalogen. We compared SH-SY5Y cells treated with 1,25-dihydroxy vitamin Ds with
cells incubated with the solvent control to simulate a condition of hypovitaminosis. To
evaluate our findings of cell culture experiments in vivo, we performed this targeted shot-
gun lipidomics approach with brain samples of mice exposed to a 23% reduced level of
25-hydroxy vitamin Ds.

2. Materials and Methods
2.1. Chemicals, Reagents and Standards

High performance liquid chromatography (HPLC-) grade pyridine, 1,25-dihy-
droxyvitamin Ds, ammonium acetate and phenyl isothiocyanate (PITC) were acquired
from Merck (Darmstadt, Germany). All other used chemicals in this study were purchased
from Fisher Scientific (Schwerte, Germany), if not stated otherwise. Standards used for
normalization in lipid analysis were acquired from Avanti Polar Lipids (06:0 PC (DHPC),
19:0 Lyso-PC, C18(Plasm)-18:1(d9) PC and 15:0-18:1(d7)-15:0 TG both contained in the
Splash II Lipidomix Mass Spec Internal Standard, 08:0 PE) or from Supelco Analytical (oc-
tanoyl-L-carnitine d3, palmitoyl-L-carnitine d3).

2.2. Cell Culture and Calcitriol-Treatment

Human neuroblastoma SH-SY5Y wildtype cells were cultivated in Dulbecco’s Mod-
ified Eagle’s Medium (DMEM) containing 10% FBS (fetal bovine serum; GE Healthcare
Life Sciences, Chalfont St. Giles, UK) and 0.1 mM nonessential amino acids in a humified
incubator at 37 °C at 5% COz. At a 90% confluence, the FBS content in the medium was
reduced to 1% for 16 h to minimize the influence of vitamin Ds from serum. Afterwards,
cells were incubated with 100 nM 1,25-dihydroxyvitamin Ds for 48 h while refreshing the
incubation medium after 24 h. Solvent-control-treated cells were incubated with ethanol
at a final concentration of 1%o, corresponding to the concentration in the incubation me-
dia, since 1,25-dihydroxyvitamin Ds was dissolved in ethanol.

2.3. Animal Experiments

Female C57BL/6 wt mice (Charles River, Sulzfeld, Germany) were six weeks old
when the feeding experiment started. The mice were kept in a controlled environment
with 50-60% humidity, a temperature between 20-22 °C and exposure to light from 7 a.m.
until 7 p.m. Throughout the study, food and water were freely available. Mice were fed
with control diet (C1000) or vitamin D deficient diet (C1017; Altromin, Lange, Germany)
for 6-9 months. The control and vitamin D deficient diet were isocaloric and had identical
contents of protein, carbohydrate, fiber and minerals. Compared to control-fed mice, the
vitamin D deficient diet mice had a 23% reduced 25-hydroxyvitamin Ds serum level [39].
This vitamin D deficiency is in line with the situation in the elderly population [40,41] and
under these experimental conditions we could show in previous studies that brain
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metabolism is affected, for example A degradation due to neprilysin was decreased [19].
All animal experiments were approved by the “Landesamt fiir Soziales, Gesundheit und
Verbraucherschutz of the State of Saarland” (reference number 17/2011) following the na-
tional guidelines for animal experimentation. Brains were dissected, washed in 0.9% so-
dium chloride, frozen in liquid nitrogen immediately and stored in liquid nitrogen until
further analyses.

2.4. Sample Preparation

Vitamin Ds- or control-incubated SH-SY5Y cells were harvested after 48 h at 4 °C. The
conditioned medium was removed and used for analysis of cell viability via the Cytotox-
icity Detection Kit (LDH) from Roche (Basel, Switzerland Schweiz) according to manufac-
turer’s protocol. This colorimetric assay measured the lactate dehydrogenase (LDH) re-
lease from cells to quantify cell death and lysis after vitamin D incubations. Confluent
cells were washed twice with ice-cold HPLC-grade water and harvested in 180 ul HPLC-
grade water, followed by homogenization via Minilys (PEQLAB, Erlangen, Germany) us-
ing ceramic beads for 30 sec on maximum intensity.

Mouse brain samples were slowly defrosted on ice and homogenized mechanistically
in HPLC-grade water using Minilys (for detailed conditions, see above). We analyzed to-
tal brain homogenates in this study to potentially correlate effects on neurodegeneration
with lipid changes. This is possible since we examined the same homogenates of the same
mice, which were analyzed in a previous study, where we found APP processing to be
affected by this mild to moderate vitamin Ds deficiency [19].

Sample protein concentration was determined using the bicinchoninic acid (BCA)
assay according to Smith et al. [42]. Subsequently, homogenates were adjusted to the same
protein amount (5 pug/ul for cell samples and 10 pg/ul for brain samples) by using HPLC-
grade water.

2.5. Targeted Shotgun Mass Spectrometry

Prior to mass spectrometry analysis, lipids from a 100 pug sample were extracted us-
ing the solid/liquid lipid extraction method as described earlier in detail [43—45]. After-
ward, shotgun lipidomics was performed on a 4000-quadrupole linear-ion trap (QTrap,)
equipped with a Turbo Spray ion source from AB Sciex (Darmstadt, Germany) and cou-
plet to an autosampler of the Agilent HPLC 1200 series (Santa Clara, CA, USA). Quantifi-
cation of 174 different species of PCaa, PCae, lyso-PC, carnitines and TAG as well as 81
different species of PEaa, PEae and lyso-PE was carried out in technical triplicates using
the Analyst 1.4.2 software from AB Sciex. The exact parameters of the lipid analysis per-
formed in positive mode were defined in [44]. By calculating the ratio between the used
lipid standards in presence of lipid extracts from control- and vitamin Ds-treated cells or
control- and vitamin D deficient mice, the potential matrix effects were calculated. Matrix
effects are according to the IUPAC definition “the combine effect(s) of all components of
the sample other than the analyte on the measurement of the quantity”, whereby suppres-
sion or enhancement were distinguished [46]. This means that the response for an analyte
in mass spectrometry is not the same in a standard solution compared with the response
of the same analyte in a biological matrix [47]. The change in this ratio was on average
1.87% for SH-SY5Y cellular samples and 1.80% for murine samples (see Supplemental Fig-
ure S2D,E).

2.6. Gene Expression Analysis

Total cellular RNA was extracted using TRIzol reagent according to manufacturer’s
protocol and subsequently two micrograms of RNA were reverse-transcribed to generate
complementary DNA (cDNA) via the High-Capacity cDNA Reverse Transcription Kit, as
described by the manufacturer. Primers for RT-PCR, which was performed using Fast
SYBR green Master Mix (Applied Biosystems, Forster City, CA, USA) on a PikoReal Real-
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Time PCR System (Thermo Fisher Scientific, Waltham, MA, USA), were IL-34 fwd 5'-
AAT-CCG-TGT-TGT-CCC-TCT-TG-3 and IL-34 rev 5-CAG CAG GAG CAG TAC AGC
AG-3" as gene of interest and RN185S1 fwd 5-GGA-GTA-TGG-TTG-CAA-AGC-TGA-3’
and RN18S1 rev 5 -ATC-TGT-CAA-TCC-TGT-CCG-TGT-3" as housekeeping gene for
normalization. Analysis of the data was carried out with the 2-24 Cq method.

2.7. Analysis of Oxygen Consumption

The oxygen consumption of SH-SY5Y cells treated with 1,25-dihydroxyvitamin Dsas
described above was measured with the Extracellular Oxygen Consumption Assay from
Abcam (Cambridge, UK) according to manufacturer’s protocol. The multifunctional mon-
ochromator-based microplate reader Infinite M1000Pro from Tecan was used with excita-
tion at 380 + 20 nm and emission at 650 + 20 nm (Tecan Group AG, Mannedorf, Switzer-
land).

2.8. Data and Statistical Analysis

The Analyst 1.4.2. software from AB Sciex was used to extract counts per second for
each MRM pair before each lipid was normalized to its respective lipid class internal
standard. Afterwards, the means per triplicate for each lipid/standard ratio were formed
per sample (at least five independent samples per control and treatment group). R (R Core
Team 2020; Vienna, Austria; https://www.R-project.org/; accessed on 01 June 2021) was
used to perform the statistical analysis and calculation of the p value for each lipid species,
that are shown in the volcano plots, was carried out using the two-tailed Student’s t-test.
Creation of the volcano plots was performed using the R package “EnhancedVolcano”
(Kevin Blighe, Sharmila Rana and Myles Lewis (2020). version 1.6.0.
https://github.com/kevinblighe/EnhancedVolcano; 01 June 2021). Fisher’s exact test was
used to calculate if the increased/decreased lipid distribution significantly differed be-
tween the cellular incubations and mouse brain samples, respectively. Figures were cre-
ated using CorelDRAW 11 (Corel Cooperation, Ottawa, OTT, Canada). Error bars in the
bar charts represent the standard error of the mean. Significance was set at * p < 0.05, **
p < 0.01 and **p < 0.001.

3. Results

To investigate if a deficit of calcitriol (1,25-dihydroxyvitamin Ds), the active form of
the fat-soluble vitamin Ds, has an influence on lipid homeostasis in brain, we treated hu-
man neuroblastoma SH-SY5Y cells for 48 h with 100 nM 1,25(0OH): vitamin Ds solved in
ethanol and compared the changes in the lipid profile to that of cells treated with the sol-
vent control under the same conditions. Results showed that calcitriol treatment had no
effect on the viability of the neuroblastoma cells, as confirmed by performing a cytotoxi-
city detection assay (see Supplemental Figure S2A). A sufficient uptake of 1,25-dihy-
droxyvitamin Ds was verified by an increased gene expression of IL-34, whose transcrip-
tion is known to be upregulated in SH-SY5Y cells treated with this active form of vitamin
Ds [48] (see Supplemental Figure 52B). Moreover, the same targeted shotgun lipidomics
approach was used to analyze the lipid profile of brain samples from mice with a 23%
vitamin D deficiency due to a specialized diet compared to control-fed mice to evaluate if
the effects observed in the cell culture can also be found in vivo. After extracting all lipids
from the cellular and murine samples, 255 lipid species were semiquantitatively measured
by shotgun mass spectrometry, including phospholipids (PCaa, PCae, Lyso-PC) and li-
pids involved in cellular energy metabolism (carnitines and neutral lipids (TAG)). Nota-
bly, using this method, the sum of the fatty acids bound to the stereospecific numbering
1 (sn-1) and sn-2 position of the glycerol backbone was detected. Yet, we cannot unam-
biguously distinguish between single fatty acids, which might be a caveat of our lip-
idomics approach. Normalization of the obtained data was done using internal standards
of each lipid class of interest. Data were further analyzed as x-fold change and as changes
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in mol% compared to cells treated with 1,25(OH): vitamin Ds or, in case of the in vivo
samples, compared to samples fed with the control diet. The observed relative changes in
the lipid species are shown as volcano plots, in which the fold change (abscissa) is plotted
against the p-value (ordinate). Two vertical lines mark the average standard error of the
mean (SEM), and one horizontal line represents a p-value of 0.05, which was set as statis-
tical significance. The corresponding bar chart for each lipid species is placed right to the
volcano plot. Moreover, processed data dealing with saturation and chain length of the
fatty acids bound to the backbone of the lipid are shown below the volcano plots and the
bar chart. Since the definition of significance depends on the used statistical method (for
example, which type one error correction) as well as on the sample number and since it
has an arbitrary aspect, we included all lipid species in our study having a fold change
greater than the average SEM of the corresponding lipid class but not reaching statistical
significance. Moreover, it should be considered that the distribution of lipids within lipid
classes sharing chemical similarities is relevant for both cellular and in vivo effects, be-
yond the significance of a single lipid species. Based on these intentions, we preferred
volcano plots representing our results, allowing us to evaluate the distribution of lipid
species within a lipid class without losing this information by just focusing on the signif-
icant parameters. In this context, we would like to point out that it has to be taken into
consideration that these results should be verified in further studies.

3.1. Phosphatidylcholine (PCaa) Species

The major phospholipid components ubiquitously found in cell membranes are glyc-
erophospholipids. Moreover, phosphatidylcholine (PC; 1,2-diacyl-sn-glycero-3-phospho-
choline) represents about 9-10% of dry matter of the human brain and 30-35% of total
phospholipid [49]. In our study, a deficit of calcitriol in SH-SY5Y cells led to increased
levels of PCaa species (Figure 1A). This becomes obvious since all measured PCaa species
were located on the right side of the volcano plot. Some of them were increased with a
fold change greater than the average SEM, but none of them reached statistical signifi-
cance. Nevertheless, it is interesting that the whole lipid class was increased in cells defi-
cient in the active form of vitamin Ds. On average, the PCaa species were elevated to
105.1% = 0.7% (p = 0.000), as shown in the bar chart (Figure 1A). Detailed analyses of the
data revealed differences in the ratios of PCaa species containing saturated fatty acids
(SFA), monounsaturated fatty acids (MUFA) and polyunsaturated fatty acids (PUFA). The
SFA/MUFA and SFA/PUFA ratios were significantly increased (SFA/MUFA: 102.1% +
0.6%, p =0.006; SFA/PUFA: 102.0% + 0.7%, p = 0.033), due to increased levels of PCaa spe-
cies containing a SFA (14.6 to 14.8 mol%, p= 0.012) and a slight decrease in MUFA- and
PUFA-containing species (MUFA: 45.5 to 45.3 mol%, p = 0.0954; PUFA: 39.9 to 39.8 mol%,
p = 0.0382). In line with this, reduced levels of medium chain fatty acid containing PCaa
species (C32:X-C36:X) in SH-SY5Y cells deficient in calcitriol were observed.

Interestingly, a similar trend of increased PCaa species due to calcitriol deficiency
could be observed in the vitamin D deficient murine brain samples (see Figure 1B). Most
measured PCaa species tended to be elevated and an increase to 102.9% =+ 8.3% (p = 0.000)
could be detected in the means, which was less significant than the results obtained from
the cell culture experiments. Moreover, also in the in vivo samples, PCaa species contain-
ing medium chain fatty acids were slightly decreased from 76.6 to 76.3 mol% (data not
shown).
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Figure 1. Effect of vitamin Ds deficiency on phosphatidylcholine (PCaa) species. (A) The levels of
PCaa in SH-SY5Y wt cells incubated with the solvent control (ethanol) were compared to cells
treated with 1,25-dihydroxy vitamin Ds. In the volcano plot, the fold change (x-axis) of each of the
43 analyzed PCaa species (dots) was plotted against the corresponding p-value (y-axis). The two
vertical lines represent the mean SEM. The horizontal line marks the p value of p = 0.05, which was
set as statistical significance. Filled black dots symbolize PCaa species with a fold change greater
than the mean SEM without reaching significance and empty dots represent species with a fold
change within the mean SEM. The bar chart on the right shows the relative fold change of all meas-
ured PCaa species comparing calcitriol-treated with solvent-control-treated SH-SY5Y cells. Below
the volcano plot, ratios indicating the saturation state of the fatty acids within the PCaa species and
the distribution of saturation and chain length in mol% are shown. (B) Analyzed PCaa species in
brain samples of vitamin D deficient mice compared to control-fed mice in a volcano plot and rela-
tive fold changes of all measured PCaa species in a bar chart. Error bars represent the standard error
of the mean (SEM). Statistical significance was set as * p < 0.05, ** p < 0.01 and *** p < 0.001; n.s. not
significant.

3.2. Phosphatidylcholine Plasmalogens (PCae) Species

Plasmalogens (PCae; 1-alkyl, 2-acyl-sn-glycero-3-phosphorylcholine), constituting
up to 22% of the total phospholipids in human brain, are membrane glycerophospholipids
containing a fatty alcohol with a vinyl-ether bond at the sn-1 position [50]. We found that
in human neuroblastoma cells deficient in calcitriol the measured PCae species tended to
increase, since these lipids with changes greater than the average SEM were upregulated.
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In total, a slight but significant elevation in PCae species to 101.3% = 0.5% (p = 0.008) was
detected when comparing cells treated with 1,25-dihydroxy vitamin Ds with cells incu-
bated with the solvent control (Figure 2A). Comparable to the finding in PCaa species, the
SFA/MUFA and the SFA/PUFA ratios were elevated, with the SFA/MUFA ratio reaching
statistical significance (SFA/MUFA: 101.3% + 0.5%, p = 0.0433; SFA/PUFA: 101.0% % 0.9%,
p =0.454). These changes observed in the saturation ratios could be explained by increased
SFA-containing PCae species and decreased MUFA-containing PCae species: SFA from
12.5 to 12.6 mol% with p = 0.286 and MUFA from 31.9 to 31.7 mol% with p = 0.0462 (data
not shown). Regarding the chain lengths of the fatty acids composing the measured PCae
species, we observed that PCae species containing medium chain fatty acids (C32:X-
C36:X) were significantly decreased from 61.2 to 60.9 mol% (p = 0.0194).

In line with the findings of the cell culture-based experiments, the levels of PCae spe-
cies were increased to 103.1% % 0.8% (p =0.001) in brain samples of mice with mild vitamin
D hypovitaminosis (Figure 2B). Moreover, ratios of SFA/MUFA and SFA/PUFA tended to
be increased (SFA/MUFA to 104.7% £ 2.8%, p = 0.282 and SFA/PUFA to 104.6% + 2.6%, p
= (0.247), similar to the significant results in SH-SY5Y cells. SFA-containing PCae species
showed an elevated trend due to the vitamin D deficit from 32.8 to 33.8 mol% (p = 0.257),
while MUFA and PUFA fatty-acid-containing plasmalogen species tended to be reduced
(MUFA from 34.2 to 33.7 mol%, p = 0.387 and PUFA from 33.0 to 32.5 mol%, p = 0.329).
The findings relating to the saturation of PCae species failed to reach statistical signifi-
cance. This might be explained by the lower sample size of the in vivo material compared
to the cell culture treatments. Comparable to the effects of hypovitaminosis D in neuro-
blastoma cells, a similar trend of reduced medium-chain fatty acids (C32:X-C36:X) in
PCae species could also be observed in the in vivo samples (from 44.0 to 42.9 mol%, p =
0.320).

3.3. Lyso-Phosphatidylcholine (Lyso-PC) Species

Lyso-phosphatidylcholines (Lyso-PC; 1- or 2-acyl-sn-glycero-3-phosphorylcholine)
are derived from phosphatidylcholines due to the catabolic activity of the phospholipase
Az (PLA2) and can be found in the nervous system [49]. In our study, nine out of the ten
analyzed lyso-PC species that showed a fold change greater than the mean SEM were
upregulated due to a deficiency of calcitriol (Figure 3A). On average, the levels of lyso-PC
species were increased significantly to 106.7% * 2.3% (p = 0.006) comparing solvent-con-
trol-treated cells to cells incubated with 1,25-dihydroxyvitamin Ds. Similar to the observed
effect of hypovitaminosis D on the saturation of PCaa species, the saturation state of lyso-
PC fatty acids was influenced under these experimental conditions. The ratio of
SFA/MUFA was increased significantly to 107.4% % 2.8% (p = 0.0456) and the SFA/PUFA
ratio tended to be elevated (106.2% = 2.7%, p = 0.092), while the ratio of MUFA/PUFA
remained unchanged. The observations could be explained by increased SFA and de-
creased MUFA levels (SFA: 42.6 to 44.3 mol%, p = 0.058; MUFA: 49.4 to 48.0 mol%, p =
0.056). Moreover, PUFA levels tended to decrease (7.9 to 7.8 mol%, p = 0.323) with X:2 fatty
acids significantly reduced from 2.5 to 2.4 mol% (p = 0.020). In line with the findings of
PCaa species, lyso-PC species containing medium-chain fatty acids (C16:X-C20:X) tended
to be reduced in SH-SY5Y cells treated with the solvent control compared to those incu-
bated with calcitriol (78.8 to 76.4 mol%, p = 0.078).

In the vitamin D deficient in vivo mouse brain samples, a similar but weaker effect
of vitamin D hypovitaminosis on lyso-PC levels with an increase to 102.8% + 0.9% (p =
0.003) could be observed (Figure 3B).
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Figure 2. Effect of vitamin Ds deficiency on phosphatidylcholine plasmalogens (PCae) species. (A) The levels of PCae in
SH-SY5Y wt cells incubated with the solvent control (ethanol) were compared to cells treated with 1,25-dihydroxy vitamin
Ds. In the volcano plot, the fold change (x-axis) of each of the 39 analyzed PCae species (dots) was plotted against the
corresponding p-value (y-axis). The volcano plots are structured as described in detail in the legend of Figure 1. The bar
chart on the right shows the relative fold change of all measured PCae species comparing calcitriol-treated with solvent-
control-treated SH-SY5Y cells. Below the volcano plot, ratios dealing with the saturation state of the fatty acids within the
PCae species and the distribution of chain length in mol% are shown. (B) Analyzed PCae species in brain samples of
vitamin D deficient mice compared to control-fed mice in a volcano plot and relative fold changes of all measured PCae

species in a bar chart. Error bars represent the standard error of the mean (SEM). Statistical significance was set as * p <
0.05, ** p < 0.01 and ** p < 0.001; n.s. not significant.
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Figure 3. Effect of vitamin Ds deficiency on lyso phosphatidylcholine (lyso-PC) species. (A) The levels of lyso-PC in SH-
SY5Y wt cells incubated with the solvent control (ethanol) were compared to cells treated with 1,25-dihydroxy vitamin Ds.
In the volcano plot the fold change (x-axis) of each of the 22 analyzed lyso-PC species (dots) was plotted against the cor-
responding p-value (y-axis). The volcano plots are structured as described in detail in the legend of Figure 1. The bar chart
on the right shows the relative fold change of all measured lyso-PC species comparing calcitriol-treated with solvent-
control-treated SH-SY5Y cells. Below the volcano plot, ratios dealing with the saturation state of the fatty acids within the
lyso-PC species and the distribution of chain length in mol% are shown. (B) Analyzed lyso-PC species in brain samples of
vitamin D deficient mice compared to control-fed mice in a volcano plot and relative fold changes of all measured lyso-
PC species in a bar chart. Error bars represent the standard error of the mean (SEM). Statistical significance was set as * p

<0.05and *p <

0.01; n.s. not significant.

3.4. Phosphatidylethanolamine (PE) Species

Phosphatidylethanolamines (1,2-diacyl-sn-glycero-3-phosphoethanolamine, PE) are
considered as the second most abundant phospholipids after PC. Moreover, they repre-
sent frequently one of the major lipid components of membranes. Similar to PC species,
PE can exist in diacyl (PEaa) or alkyl-acyl (PEae/plasmalogens) forms. Under the vitamin
D:s deficient conditions in our study, largely all PEaa species were found to be upregulated
greater than the mean SEM in the analyzed human neuroblastoma cell line (Figure 4A). A
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significant mean increase to 123.3% * 0.8% (p < 0.001) was observed. A similar elevated
trend could be found in the murine brain samples, but only one species (PEaa C40:0)
showed an effect strength greater than the mean SEM, which could be explained by the
smaller sample size of the in vivo material (Figure 4B). This increase to 107.1% = 0.8% (p <
0.001) was also significant. Regarding PE plasmalogens, we found similar results as ob-
served for PEaa species before: 35 out of the 37 analyzed PEae species tended to be in-
creased in vitamin Ds deficient SH-SY5Y cells, resulting in a significant mean elevation to
122.4% + 0.7% (p < 0.001) (Figure 4C). A similar trend was detected in the murine brain
samples with the exception that two PEae species, including PEae C44:6, tended to be
reduced (Figure 4D). A significant mean increase to 107.5% + 1.1% (p < 0.001) was ob-
served. Moreover, the nine detected lyso-PE species were increased greater than the mean
SEM in SH-SY5Y cells deficient in vitamin Ds, resulting in a significant mean elevation to
120.4% £ 1.9% (p <0.001) (Figure 4E). This effect could not be detected in the murine brain
samples (Figure 4F).

3.5. Lipid Species Involved in Cellular Energy Metabolism and f-Oxidation

Besides phosphoglycerides, also carnitines, playing a major role in fatty acid
transport from the cytosol to the mitochondria across the inner mitochondrial membrane
for subsequent B-oxidation of fatty acids esterified to carnitines, were included in our
study. We determined the levels of free L-carnitine (CO), acetyl-carnitine (C2) and acyl-
carnitine (CX with X > 3). Figure 5 shows that a deficit of calcitriol resulted in significantly
increased carnitine levels to 102.9% = 0.8% (p = 0.001) with levels of carnitine C18:0 and
C18:1 significantly upregulated (C18:0 to 113.4% % 2.9%, p = 0.015 and C18:1 to 118.4%=*
5.2%, p=0.023) (Figure 5A). Moreover, the carnitine species C03 and C03 OH were down-
regulated with a fold change greater than the mean SEM without reaching statistical sig-
nificance (C03 to 96.3% £ 3.5%, p = 0.493 and CO30H to 95.4% + 3.9%, p = 0.337). These
findings of the cell culture experiments could not be observed in murine brain samples
deficient in vitamin D, since no change in the 41 analyzed carnitine species could be de-
tected (Figure 5B) (mean: 99.7% * 1.4%, p = 0.816).

Besides carnitines, also neutral glycerides, especially triacyl glycerols (TAG), are an
important marker of cellular energy metabolism since they serve as storage by the for-
mation of lipid droplets. Additionally, fatty acids derived from TAG are used for energy
production in the mitochondria, where they were transferred to carnitines. In our study,
comparing SH-SY5Y cells incubated with 1,25-dihydroxy vitamin Ds with cells deficient
in calcitriol treated with the solvent control, all of the 14 analyzed TAG species tended to
be decreased (Figure 6A). On average, the levels of TAG were significantly reduced to
95.7% + 0.8% (p = 0.000).

Levels of these neutral lipids were not changed in brain samples of mice with a mild
to moderate vitamin D hypovitaminosis. In contrast to the findings in the cell-based ex-
periments, those TAG species with a fold change greater than the average SEM tended to
be increased, as shown in the volcano plot (Figure 6B).
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(F) Lyso-PE: Vitamin D deficient mouse brain
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Figure 4. Effect of vitamin Ds deficiency on phosphatidylethanolamine (PE) species. (A) The levels
of PEaa in SH-SY5Y wt cells incubated with the solvent control (ethanol) were compared to cells
treated with 1,25-dihydroxy vitamin Ds. In the volcano plot, the fold change (x-axis) of each of the
35 analyzed PEaa species (dots) was plotted against the corresponding p-value (y-axis). The volcano
plots are structured as described in detail in the legend of Figure 1. The bar chart on the right shows
the relative fold change of all measured PEaa species comparing calcitriol-treated with solvent-con-
trol-treated SH-SY5Y cells. (B) Analyzed PEaa species in brain samples of vitamin D deficient mice
compared to control-fed mice in a volcano plot and relative fold changes of all measured PEaa spe-
cies in a bar chart. Besides PEaa, also levels of PEae (C,D) and Lyso-PE species (E,F) under hypovit-
aminosis D3 conditions were examined. Error bars represent the standard error of the mean (SEM).
Statistical significance was set as *** p < 0.001; n.s. not significant.
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Figure 5. Effect of vitamin Ds deficiency on carnitine species. (A) The levels of carnitines in SH-SY5Y
wt cells incubated with the solvent control (ethanol) were compared to cells treated with 1,25-dihy-
droxy vitamin Ds. In the volcano plot, the fold change (x-axis) of each of the 41 analyzed carnitine
species (dots) was plotted against the corresponding p-value (y-axis). The volcano plots are struc-
tured as described in detail in the legend of Figure 1. The bar chart on the right shows the relative
fold change of all measured carnitine species comparing calcitriol-treated with solvent-control-
treated SH-SY5Y cells. The bar chart below the volcano plot shows the changes in C0, C2, CX (with
X > 3), C18/C2- and (C16 + C18)/C2 ratio in SH-SY5Y cells deficient in vitamin Ds compared to cal-
citriol-treated cells. (B) Analyzed carnitine species in brain samples of vitamin D deficient mice com-
pared to control-fed mice in a volcano plot and relative fold changes of all measured carnitine spe-
cies in a bar chart. Error bars represent the standard error of the mean (SEM). Statistical significance
was set as *** p < 0.001; n.s. not significant.
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Figure 6. Effect of vitamin Ds deficiency on triacyl glycerides (TAG) species. (A) The levels of TAG in SH-SY5Y wt cells
incubated with the solvent control (ethanol) were compared to cells treated with 1,25-dihydroxy vitamin Ds. In the volcano
plot, the fold change (x-axis) of each of the 14 analyzed TAG species (dots) was plotted against the corresponding p-value
(y-axis). The volcano plots are structured as described in detail in the legend of Figure 1. The bar chart on the right shows
the relative fold change of all measured TAG species comparing calcitriol-treated with solvent-control-treated SH-SY5Y
cells. (B) Analyzed TAG species in brain samples of vitamin D deficient mice compared to control-fed mice in a volcano
plot and relative fold changes of all measured TAG species in a bar chart. Error bars represent the standard error of the

mean (SEM). Statistical significance was set as

*** p <0.001; n.s. not significant.

4. Discussion

Recent studies provide growing evidence for an important role of vitamin Ds in the
regulation of the lipid homeostasis [11-18]. Most of the available studies analyzed this
suggested link in the gastrointestinal system, kidney cells or tissue, but we lack infor-
mation on such an association of vitamin D3 and lipid metabolism in the brain. Brain lipid
homeostasis is an essential component for the emergence of neurodegenerative diseases,
e.g., Alzheimer’s disease (AD): the cleavage of the amyloid-precursor-protein (APP), that
results in the cerebral accumulation of the neurotoxic amyloid-f§ (AB) to senile A plaques,
one of the characteristic hallmarks of AD, takes place in the biological membranes, since
APP is a type I transmembrane protein [51]. Furthermore, the proteases involved in this
proteolytic processing, named a-, B- and y-secretase, are membrane-tethered proteins with
the y-secretase cleaving APP within the hydrophobic membrane environment [52,53].
Thus, the question arises, if vitamin Ds is able to trigger the pathophysiology of AD by
influencing the homeostasis of the lipids involved in the occurrence and the progression
of this neurodegenerative disorder.

The occurrence of AD increases dramatically with the age as shown in a study from
the United States reporting that 3% of people aged between 65 and 74 years have a diag-
nosis of AD dementia, while this number rises to 32% for people of 85 years or older [54].
Based on the fact that about 85% of the elderly population has insufficient vitamin Ds
levels in blood serum, several existing studies suggest a potential link between vitamin
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Ds hypovitaminosis and AD. In this context, several negative effects of vitamin Ds defi-
ciency with respect to neurodegenerative diseases and also several neuroprotective prop-
erties of a sufficient vitamin Ds status relating to the pathophysiological processes associ-
ated with AD were found [8,10,19,39]. Besides these recent findings, detailed information
about a possible link between vitamin Ds and lipid species, which play key roles in the
cellular membrane and that influence the proteolytic processing of APP, are still missing.
One reason for that could be that the technique of lipidomics is not widely used in com-
parison to other “omics” technologies since labor-intensive workflows and diverse instru-
ments are necessary to analyze the immense complexity of the lipidome, including thou-
sands of different lipid species.

In our present study, we performed a detailed semiquantitative lipidomics approach
investigating changes in lipid species known to be affected in AD pathophysiology in a
neurocellular and a murine model for D3 hypovitaminosis. Regarding the murine sam-
ples, it must be mentioned as a limitation of our study that we examined total brain ho-
mogenates, which makes it impossible to distinguish between the different brain regions.
We focused on changes in three lipid classes (phospholipids, carnitines and neutral lipids)
since different lipid classes may mediate diverse biological effects. Moreover, we con-
densed our data to get insights into the molecular entities, for example the saturation or
chain lengths of the fatty acids conjugated to the backbone. In general, increased levels of
phospholipids and simultaneously changes in lipids involved in cellular energy metabo-
lism were found, which will be discussed in detail in the following paragraphs.

As already mentioned in the results section, utilizing a shotgun lipidomics approach
has, per se, some limitations, which were discussed in the review from Fong-Fu Hsu [55].
Briefly, we cannot distinguish between the fatty acids in the sn-1 and sn-2 positions or
between (stereo-) isomers and lipids, which have the same fragmentation pattern in addi-
tion to the same Q1 mass (mother ion). Therefore, we focused on lipids which were, to our
knowledge, not highly affected by other isobaric lipids or which showed a different frag-
mentation pattern in the Q3 scan. These lipids and the according MRMs were published
previously, e.g., in [44,56-58].

Regarding phosphatidylcholine (PCaa) species, studies reported alterations in the PC
metabolism in plasma samples of individuals suffering from AD [59]. Moreover, a recent
study from Blasko et al., which will be discussed in detail later, described changed plasma
phosphatidylcholines as possible prognostic biomarkers for the progression of AD. They
observed five phospholipid species to be significantly increased in their conversion study
dealing with patients with progression from cognitive health to AD [60]. In our present
study, the PCaa levels were significantly increased in the cellular model of hypovitamino-
sis D3 and this finding could be verified in vivo since PCaa levels were also upregulated
in brain samples of vitamin D deficient mice. Interestingly, in the neuroblastoma cell line
every single measured species was upregulated, suggesting a direct influence of calcitriol
on this lipid class. Moreover, the PCaa species found to be upregulated under hypovita-
minosis D conditions share structural similarities with those found by Blasko and col-
leagues in plasma samples of 48 mild cognitive impairment (MCI) patients compared to
healthy subjects in a 7-9 year follow up study: PCaa C32:1, PCaa C34:1 and PCaa C42:1
[60] in patients converting from MCI to AD diagnosis compared to PCaa C34:2, PCaa
C34:3, PCaa C42:0 and PCaa C42:1 mediated through a vitamin D deficit (see Figure 1).
However, it must be mentioned as a caveat in this context that there are at least two pa-
rameters in every lipid species, which can be compared: the chain length and the degree
of saturation. Therefore, lipid species with different length and saturation should be con-
sidered different. Nevertheless, these results suggested a direct influence of vitamin Ds on
lipid homeostasis involved in the progression of AD. In line with this evidence, a recent
study found the VDR to be relevant for lipid metabolism in cultured human hepatocytes,
especially for phospho- and glycerolipid homeostasis. The authors reported significant
alterations in PCs due to VDR activation by calcitriol, such as, for example, elevated levels
of PC(16:0/14:1) and simultaneously reduced levels of PC(20:4/20:3). Since some PC
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species appeared increased but others were decreased, the authors conclude that vitamin
Ds may induce a remodeling of the phosphatidylcholine pool. Additionally, they per-
formed a transcriptomic analysis revealing that one fifth of the VDR responsive genes
were related to lipidic pathways such as glycerolipid- and phospholipid metabolism or
the uptake of fatty acids. In line with this, they reported a coordinated gene response of
these genes due to VDR activation by calcitriol [14]. Moreover, we found the expression
of genes known to play a role in lipid metabolism altered under mild to moderate vitamin
D deficiency in a previous study [8]. In the present study, the expression of IL-34, a gene,
whose transcription is known to be upregulated by incubating SH-SY5Y cells with 100 nM
1,25(OH)2D3, is 1.5-fold increased under the experimental conditions (see Supplemental
Figure S2B). This genomic action of vitamin Ds might be a molecular perspective of the
changes observed in cellular lipids with vitamin D deficiency in our study and should be
examined in further studies regarding genes involved in the metabolism of the lipid spe-
cies found to be affected by a calcitriol deficiency. Additionally, nongenomic effects of
1,25(0OH)2Ds at cellular membranes have been observed recently, representing a further
molecular perspective of the changed cellular lipids, which should be the subject of fur-
ther research [61].

Thorough analyses of our data revealed that SFA-containing PCaa species were sig-
nificantly upregulated due to calcitriol deficiency. Correspondingly, MUFA- and PUFA-
containing lipids tended to be reduced (see Figure 1). Similar findings were reported in a
recent study analyzing fatty acid metabolism in a vitamin Ds deficient rat model. The
plasma total SFA levels were higher in the hypovitaminosis group while levels of MUFA
were lower [62]. Based on these findings, a possible influence of calcitriol on desaturases
in the brain could be subject of further research, especially since the presence of SFAs may
disrupt the structure of the cell membrane and may decrease its fluidity [63]. Membrane
fluidity is negatively associated with the molecular mechanisms of AD since an elevated
membrane fluidity, for example, due to enrichment of the cellular membrane with PUFAs,
promotes the nonamyloidogenic cleavage of APP by the a-secretase [64]. These findings
might suggest that vitamin Ds broadly affects APP homeostasis by influencing phospho-
lipid metabolism. Moreover, phospholipids are some of the main components of lipid
rafts (LR) from the cell membrane and the LR structural integrity and function depends,
at least in part, on them. LR are dynamic structures and important for cellular processes
such as lipid/protein sorting, signal transduction or cell adhesion, for example [65]. LR
has been associated with neurodegenerative diseases such as AD, since amyloidogenesis,
the production of the neurotoxic AP peptide, is related to the LR lipid composition [66].
The elevated levels of saturated fatty acids under the hypovitaminosis Ds conditions in
our study could suggest an increased occurrence of LR in the membrane, since combina-
tions of sphingolipids, cholesterol and saturated fatty acids are characteristic for LR. In-
terestingly, amyloidogenic processing caused by - and y-secretase is reported to be asso-
ciated with LR [67]. As SFAs are major compounds in LR, one might speculate that the
lipid alterations, which are due to vitamin D deficiency causes a shift from nonamyloido-
genic processing to amyloidogenic processing. Additionally, LR were reported to be plat-
forms for interactions of AR and ApoE or tau and to trigger the formation of Ap fibrils
[68,69].

In our study, levels of phosphatidylcholine-plasmalogens (PCae) were significantly
increased in both cellular and murine hypovitaminosis D samples. In line with the altera-
tions in the PCaa species, the fatty acid ratios SFA/MUFA and SFA/PUFA were changed
and PCae species containing medium-chain fatty acids (C32:X-C36:X) were significantly
decreased due to vitamin Ds deficiency. This increase in PCae could be caused by their
anti-neuroinflammatory and anti-amyloidogenic properties [70]. As the negative effects
of an insufficient vitamin Ds supply on inflammatory processes in the brain and Af me-
tabolism have been reported [19,39,71], the observed increase in PCae species in cellular
and murine hypovitaminosis samples could be interpreted as a possible defense mecha-
nism.
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Lyso-phosphatidylcholines species are mainly derived from the turnover of PC by
the phospholipase Az (PLA2) and represent the transport form of lipids. In the literature,
lyso-PCs are described to be positively linked with neurodegenerative and cardiovascular
diseases [72]. Moreover, this lipid class is linked to multiple sclerosis due to its proinflam-
matory properties [73]. Regarding AD, it was reported that lyso-PCs elevate the oligomer
formation process of the A1« peptide and thereby increase neuronal apoptotic death.
Inhibition of lyso-PC synthesis thus has been suggested as a therapeutic target for the
treatment of AD [74]. In this context, the observed increase in lyso-PC levels in our cellular
and murine model of vitamin D3 hypovitaminosis suggests a link between a deficit of this
secosteroid and related pathophysiology during AD.

As for lipids involved in cellular energy metabolism and B-oxidation, alterations due
to calcitriol deficiency were detected in SH-SY5Y cells. Several lines of evidence indicate
that in AD brain energy metabolism is impaired [75,76]. However, most publications refer
to an altered glucose metabolism. It might be speculated that because of these and de-
creased energy supply by glucose metabolism, B-oxidation of fatty acids become of more
importance in AD. Interestingly, it has been reported that mitochondrial oxygen con-
sumption rate is increased upon 1,25-dihydroxy vitamin Ds treatment in human skeletal
muscle cells, which is in line with other studies reporting that vitamin D deficiency de-
creases oxygen consumption and disrupts mitochondrial function [77,78]. Similar results
were found under our experimental conditions in SH-SY5Y cells. Decreased oxygen con-
sumption was found in cells with decreased vitamin Ds levels (see Supplemental Figure
52C). In this context, the significant increase of the acyl-carnitines C18 and C18:1 might be
explained; C18 and C18:1 might accumulate due to a decreased turnover in B-oxidation
and mitochondrial function. This is in line with the increase in the C18/C2 or (C16 +
C18)/C2 ratio, further arguing for an impairment of fatty acid turnover in pf-oxidation. In
this context, it must be pointed out that due to its short half-life, the C18/C2- and (C16 +
C18)/C2 ratio represents a snapshot rather than potential accumulative effects such as
changes in the lipid homeostasis. However, we would like to point out that most of the
effects were only observed in vitro in SH-SY5Y cells; in mouse deficient brain none of the
effects reached a significant level and effect size was mainly in the standard deviation.
Therefore, the experimental feeding conditions with very mild vitamin D deficiency
seems not be sufficient to provoke effects observed in cell culture, and effects under these
conditions with respect to mitochondrial function should not be overinterpreted.

The significant decrease in total TAG levels observed in SH-SY5Y cells deficient in
calcitriol are well in line with the literature. A study performed in cultured human hepato-
cytes reported an intracellular accumulation of TAG when activating the VDR using cal-
citriol and thereby analyzing the opposite condition compared to our study [14]. Moreo-
ver, an animal study provided indications for an important role of the intestinal VDR in
systemic lipid homeostasis. Vdr mice exhibited a decreased capacity to harvest TAG
from the circulation and additionally these mice were protected from diet-induced obesity
and hepatosteatosis, which is caused by excessive TAG accumulation in the liver [15].
These findings were in line with a study investigating the role of the VDR in nonalcoholic
fatty liver disease (NAFLD). The authors reported a protection of high fat diet-fed apoE-"-
mice against fatty liver, dyslipidemia and insulin resistance due to deletion of the VDR.
Concluding, they suggest that therapeutic inhibition of liver VDR may have beneficial
effects regarding steatosis in early NAFLD [79].

In summary, both neuroblastoma cells and mouse brains showed vitamin D-depend-
ent alterations in lipid homeostasis (see Figure 7). Most of the observed lipid changes oc-
curred both in the cellular model of vitamin Ds deficiency and in vivo in the vitamin Ds
deficient mouse model. Importantly, all observed changes in lipid species are discussed
or known to have an impact on many neurological diseases. Several alterations in phos-
pholipid homeostasis have been associated with neurodegeneration and therefore recom-
mendations, in which lipids are beneficial with respect to neurodegenerative disease, have
been reported in literature. To clarify whether our observed vitamin Ds deficient mediated
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lipid change might contribute to neurodegeneration, we summarized the phospholipids
that were found in this study to be altered to the known changes in phospholipid home-
ostasis, which were associated with neurodegeneration (see Table 1).

Table 1. Summary of the phospholipids found in this study to be altered under hypovitaminosis D3
conditions to the known changes in phospholipid homeostasis associated with neurodegenerative

Alzheimer’s disease.

Selection of Proposed AD-Related Mechanisms

.. . Vitamin D
Lipid Species Deficiency
PUFA N2
SFA 0

Lyso-PC T
Plasmalogens ™

PUFAs are reported to be decreased in AD due to increased ROS
levels. Moreover, in particular DHA is known to affect A pro-
duction via multiple pleiotropic mechanisms, including an in-
crease of nonamyloidogenic processing by increase of ADAM17
protein levels accompanied by an increase in ADAM17 expres-
sion, and a decrease in ADAM17 protein degradation. Further-
more, amyloidogenic APP processing is decreased in presence of
PUFAs, resulting in reduced A production. Underlying mecha-
nisms include a decreased BACE1 activity; a changed distribution
of BACE1 on the cell surface/intracellular BACE1 pool is dis-
cussed. With respect to y-secretase, a direct effect of DHA on en-
zyme activity is reported, accompanied by a shift from y-secretase
from raft to nonraft [80]. Further potential mechanisms include ef-
fects on AP degradation. In particular, EPA has been shown to in-
crease IDE mediated AP degradation [81]. Importantly, oxidized
PUFA species seem to have controversial effects [82].
Saturated fatty acids are reported to be linked with dementia in
several studies, reviewed, e.g., in [83]. Potential molecular mecha-
nisms might include an effect of SFA on a-secretase and mem-
brane fluidity (SFAs show a decrease on a-secretase activity and
membrane fluidity compared to MUFAs and PUFAs) [64]. In re-
turn, SFAs seem to increase B-amyloid secretion and are associ-
ated with reduced B-amyloid elimination. Moreover, SFAs are dis-
cussed to be associated with an increase in diabetes and insulin re-
sistance, which play a crucial role in AD [84].

Lyso-PCs are reported to be increased during aging and in partic-
ular in AD [43,85]. Importantly, a tight link between phospho-
lipase A2, resulting in lyso-PC generation, and A has been re-

ported [86]. In line, PLA2 reduction was shown to ameliorate cog-

nitive deficits in AD mouse models [87]. Additionally, lyso-PC in-
creases neurotoxicity of Api42, and a potential impact of AB oli-
gomerization induced by lyso PCs is discussed [74].
Plasmalogens are known to be decreased in AD brains [88]. Plas-
malogens are known to be vulnerable to ROS species, being in-
creased in AD [89]. In return, plasmalogens decrease AP genera-
tion [90]. Importantly, vitamin Ds deficiency results in an increase
in plasmalogens both in murine brain and in cell culture. Further
experiments are needed to proof whether vitamin Ds supplemen-
tation in human results in decreased plasmalogens levels, which
would be unfavorable with respect to AD. Therefore, an addi-
tional plasmalogens—in addition to vitamin D3 supplementa-
tion—might be useful and should be further investigated with re-
spect to AD.

Our results suggest that vitamin D is not only responsible for widespread regulation
of related genes but also influences lipid homeostasis and in that way might also affect
several diseases, in particular neurodegenerative diseases such as AD. Based on our
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findings, it can be summarized that the proposed mechanism from which lipid classes
found to be influenced by vitamin Ds leading to AD pathology might be membrane fluid-
ity, lipid raft formation, A oligomer formation, oxidative stress and energy metabolism
(see Table 1).

. -~ PCaa B oy
P _~C28:1,C32:1, C32:2, C32:3,C34: 1~ _ e
Ps ~~ C34:2,C34:3,C34:4, C36:0, C36:1, Y
/" A C36:2,C36:3, C36:5 C36:6,C38:0,
C38:1, C38:6, C40:0, C40:1, C40:2,
/ / C40:6, C42:0, C42:1, C42:2, C42:6,
C44:0, C48:0
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Figure 7. Overview of the effects of vitamin Ds hypovitaminosis on lipid metabolism in neuroblas-
toma cells and brain samples of mice with mild to moderate vitamin D deficiency. (A) Effects ob-
served influencing the metabolism of phospholipids (phosphatidylcholine, PCaa; phosphatidylcho-
line plasmalogens, PCae; lyso-phosphatidylcholine, lyso-PC) in a Venn diagram. (B) The effect of
vitamin D3 deficit on lipids involved in cellular energy metabolism and B-oxidation (carnitine and
triacyl glycerides, TAG) in a Venn diagram. (C) Summary of the influence of vitamin Ds deficit on
different lipid classes known to be affected in disorders such as neurodegenerative Alzheimer’s dis-
ease (AD).
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min Ds and common pathologies. Figure S2: Cell viability, IL-34 expression, oxygen consumption
and matrix effects.
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