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Abstract: A vast majority of the elder population shows a mild to moderate vitamin D
deficiency. Besides the well-known function of vitamin D, vitamin D-receptor is also
expressed in brain and is discussed to regulate several genes. However very little is
known whether genes are regulated, associated with Alzheimer’s disease (AD).
Here we investigate 117 genes, known to be affected in AD, in mouse brain samples
with a mild vitamin D hypovitaminosis comparable to the vitamin D status of the
elderly population (20-30% deficiency). The 117 genes include two positive controls,
Nep and Park7, already known to be affected both by AD and vitamin D
hypovitaminosis. The 25 most promising candidates were verified in a second
independent mouse-cohort resulting in eleven genes further evaluated against three
additional housekeeping genes. Three of the remaining eight significantly altered
genes are involved in APP-homeostasis (Snca, Nep, Psmb5), and each one gene in
oxidative stress (Park7), inflammation (Casp4), lipid metabolism (Abcal), signal
transduction (Gnb5) and in neurogenesis (Plat). Our results tighten the link of vitamin
D and AD and underline that vitamin D influences several genes also in brain,
highlighting that not only a strong link to AD but also to other neurodegenerative
diseases might exist.

Keywords: Alzheimer’s disease, vitamin D hypovitaminosis, vitamin D-receptor,
gene expression



1. Introduction

Alzheimer’s Disease (AD), a progressive and irreversible neurodegenerative
disorder, is characterized among other factors by increased accumulation of the
neurotoxic Amyloid- (AB) peptide, a product of the sequential proteolytic processing
of the amyloid precursor protein (APP). The amyloidogenic cleavage of APP results
besides AR in the release of the APP intracellular domain (AICD), which is discussed
to regulate gene transcription [1-8]. Furthermore, it has been shown that increased
AB formation leads to elevated lipid peroxidation and subsequent oxidative stress,
associated with high levels of reactive oxygen species (ROS) [9] and an increased
proinflammatory cytokine activation [10] emphasizing the multifactorial character of
this metabolic disease.

Besides several lipids that influence AR homeostasis, it has recently been shown
that lipophilic vitamins affect molecular mechanisms involved in AD pathogenesis
[11]. Especially vitamin D3, a secosteroid derived from 7-dehydrocholesterol by
UV-exposure, is discussed to have beneficial properties in respect to AD. Biological
activities of the active calcitriol (1,25(OH),D3) can be attributed to binding
interactions with the vitamin D receptor (VDR), which is a ligand-activated
transcription factor. After binding to vitamin D3 the VDR undergoes a conformational
change and interacts with another transcription factor called the retinoid X receptor
(RXR). This active VDR-RXR-heterodimer binds to vitamin D response elements in
the DNA of target genes [12]. Besides being expressed in the intestine, bone, skin
and a variety of other tissues [13, 14], the VDR is also present in the human brain,
suggesting a role of vitamin D in brain function [15, 16].

85% of the elderly population has a vitamin D hypovitaminosis [17], amongst others
because of an age-related decreased capacity of their skin to produce vitamin D3
and because of a homebound sunlight-deprived lifestyle [18, 19]. Several clinical
studies suggest a potential link between AD and a non-sufficient supply with vitamin
D [20, 21].

Taking into consideration that vitamin D affects gene expression of several genes
e.g. via VDR mediated pathways and a strong link between vitamin D and AD in
clinical studies exists, the rationale of our study was to investigate whether genes
known to play a role in AD are regulated by vitamin D hypovitaminosis. Identifying
new genes crucial in the AD pathology which are altered by vitamin D deficiency
would provide a potential causal link between vitamin D hypovitaminosis and AD.
Therefore, we selected 117 genes, known to be involved in AD pathology, and
examined if their gene expression is changed by a decreased vitamin D level. In our
study we used a mouse model having a 20-30% vitamin D hypovitaminosis and
analysed the gene expression in mouse brain samples compared to non-deficient
control mice [22]. A 20-30% vitamin D hypovitaminosis was chosen as these
conditions reflect the situation of the vitamin D status of 85% of the elderly, also
termed mild to moderate hypovitaminosis D in the human population [17, 23]. The
117 genes include two genes, which are already known to be regulated by vitamin D



deficiency. These genes act as a positive control to clarify whether a 20-30% vitamin
D hypovitaminosis in mice utilized in this study is sufficient to detect these known
changes in gene expression in brain.

Out of these 117 AD-related genes the 25 top candidates were evaluated in a
second independent mouse cohort. The remaining significantly changed target
genes were normalized against three additional housekeeping genes. The design of
the study is summarized in figure 1.

2. Materials and Methods

2.1 Vitamin D deficient mice

The used brain samples were obtained from female wild-type C57BL/6 mice
(Charles River, Sulzfeld, Germany) with a nutrition related vitamin D deficit. Mice
were maintained in a controlled environment (temperature: 20-22 °C, humidity:
50-60%, 12-hour dark/light cycle) with freely available food and water. In this study,
two mouse populations were analysed consisting of four and three wild type and
vitamin D deficient mice, respectively. All animal experiments were approved by the
‘Landesamt fur Soziales, Gesundheit und Verbraucherschutz of the State of
Saarland” (reference number 17/2011) following the national guidelines for animal
treatment. The feeding experiments started at an age of six weeks and mice were
fed with C1000 (control) or C1017 (vitamin-D-deficient) diet (Altromin, Lange,
Germany) for > six months. In respect to protein, carbohydrate, fiber and mineral
content, both isocaloric diets were identical. The 25(OH) vitamin D level in mouse
brain tissue was determined as described earlier and mice fed with vitamin D
deficient diet show a 23% reduced vitamin D level compared to control fed mice [22].
This corresponds to the mild to moderate vitamin D hypovitaminosis reported in the
elderly population [17, 23, 24].

2.2 Gene expression analysis

At the end of the feeding experiment, mouse brains were removed, washed twice in
ice-cold 0.9% sodium chloride and shock-frosted in liquid nitrogen. To isolate RNA,
brain samples were slowly defrosted on ice and the TRIzol Reagent (Thermo Fisher
Scientific) was used as described by the manufacturer. According to the
High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) 2 ug RNA
were applied to generate cDNA. Gene expression analysis was performed by
real-time polymerase-chain-reaction (RT-PCR) with the Fast SYBR Green Master
Mix (Applied Biosystems, Foster City, California, USA) on a PikoReal Real-Time
PCR System (Thermo Fisher Scientific). The used primers (Eurofins MWG Operon,
Eberberg, Germany) are listed in table 1. Four housekeeping genes (3-actin, Polr2f,
Mprip and Atp5b) were used for a part of the samples to exclude RT efficiency
differences randomly. Gene expression was normalized to the expression of the
housekeeping gene and changes were calculated using the 2742V method.



Table 1. Primers used for gene expression analysis by RT-PCR.

gene primer forward primer reverse
A2m GACGCAGGGACACAAGAAAG TCCATTGGGCAGAATGGTAT
Aass ACGGGAGGGTCCATAGATTT GGAGCCTTCAACACTGTCGT
Abcal CATGAAGGTTGCTGTGGATG TTGACATGGTGGTGGTCTTC
Acatl GCTGCAGGAAGTAAGATGCC GGAAGGATCCAATGGGAGTT
Acat2 CCCGTCATGGGAGTAACCT ATCGTTCATTCCTGATGCGT
Acat3 TGGGCAAGCTGAAACCTTAC CATAAGGACCACAGCAGCAG
Ache GCAGCAATATGTGAGCCTGA AGTATCGGTGGCGCTGAG
Ace CCTGAGTTCTGGAACAAGTCG TTGATCCTGAAGTCCTTGCC
Actb CCTAGGCACCAGGGTGTGAT TCTCCATGTCGTCCCAGTTG
Adam9 AAGCTGCCTGCTTAACATCC ACCTCACACTCCTTCGCTGT
Adam17 TGACATCAAGTACCGAACGC GAGTCAGGCTCACCAACCAC
Als2 CTCTTCAATGATGCCCTGGT CCATTCACGCTACCAGCTTC
Apbal AGCCAATGACTGAGGTGGAC GGAAATGGTCCTCAGAGGGT
Apba3 GTAGGGAGGTTTGCATCCAG AGCAGGTTGGCAATGACC
Apbbl TGCATGAGATCTGCTCCAAG TTCCACTTGGAAAGGGACAT
Apbb2 ATCGTGAACATCCGAGTGTG GTCACATCGAAACACATGGC
Aphla ACAAGCTCCTTAAGAAGGCAGA CCGAAGGACAGACCAGAAAC
Aphlb GCTGTTCAGGCTCGCATATT AGAAACATAGGCCAACAGTCG
Aphlc CTCATCGCTGGTGCTTTCTT AGAAACATACGCCAACAGTCG
Apoal GCCAACAGCTGAACCTGAAT CAGAAGTCCCGAGTCAATGG
Apoe CTGAACCGCTTCTGGGATTA GTGCCGTCAGTTCTTGTGTG
App CCGTTGCCTAGTTGGTGAGT GTGCCAGTGAAGATGGGTCT
Appbpl CTGCTGCTGTAGGCAATCAC ACCACTCGAAGAAATGCAGAA
Atp5b GGATCTGCTGGCCCCATAC CTTTCCAACGCCAGCACCT
Bacel ACATTGCTGCCATCACTGAA TCCAAAGAAGGGCTCCAAAGA
Bace2 GCATGCTGGACAAATTCTGA TGTAGAGCTGTGGGAGAATGG
Bche ATTTCCCTGGAGTGAGCAGA CCAAAGCGTCACGGTAGACT
Bdnf AGGACGCGGACTTGTACACT CATAGACATGTTTGCGGCAT
Casp3 ACGCGCACAAGCTAGAATTT CTTTGCGTGGAAAGTGGAGT
Casp4 TGGTGGTGAAAGAGGAGCTT GCCATGAGACATTAGCACCA
Cat AACTGGGATCTTGTGGGAAA TGTGGGTTTCTCTTCTGGCT
Cdc2 AGGAAGAAGGAGTGCCCAGT TACAGCCTGGAGTCCTGCAT
Cdk5 GTCCATCGACATGTGGTCAG GTGTCCCTAGCAGTCGGAAG
Cdkl1 GCATGCTCAAGCAACTCAAG TCGCAGTACTCGAACACCAG
Chat ACTCCTGAGGCTCTGGCTTT GTACTCAGTTTGGGCCTGGA
Clu CTGTGTGCAAGGAGATCCG TGGTTGAACAGTCCACAGACA
Ctsb AAGCTGTGTGGCACTGTCCT ATTGTTCCCGTGCATCAAAG
Ctsg ACATCCAAATGCGAGAAAGG CAGCTGCAGAAGCATGATGT

Ctsl

AAGGGTTGTGTGACTCCTGTG

TGCCGGTCTTAAGGAACATC




Duox1
Ecel
Ece2
Ep300
Epx
Ercc2
Ercc6
Ernl
Gabl
Gap43
Gnaol
Gnbl
Gnb2
Gnb4
Gnb5
Gpx1
Gpx2
Gpx3
Gpx5
Gpx6
Gpx7
Gsk3a
Gsk3b
Hadh2
Hdacl
Hmgcr
| de
Idh1
llla
Ins
Insr
Lpl
Lrpl
Lrp6
Map2
Mapt
Mmp2
Mmp9
Mpo
Mpp4
Mprip

AAGGGCTGAAGATGTGGATG
GATCAAGGTCGGGAGTACGA
GGTGCTGAGTGAGGTAAGCC
CTTCCACTCCGCTTTCTCAG
GTCCAGATCATCACCTACCGA
TACCCGGAGCAGTTCTCCTA
CAGTCCAGGCAGATGCTACA
GTGATCACTCCCAGCACAGA
AGCCTGAACCTAACAGAACCC
TTGCTGATGGTGTGGAGAAG
GACAAGGAGAGGAAGACGGA
TGTTTCCTTCTCCAAGAGTGG
ACTAACAAGGTCCACGCCAT
TTGTGATGCATCCTCAAAGC
GAAGACCAGAAGGACCCTCA
GTTCGGACACCAGGAGAATG
GGGCTGTGCTGATTGAGAAT
GGCTTTGTGCCTAATTTCCA
ATGCACTCCAGGAGGATCTG
TGAGTATGGAGCCAACACCA
ACTTCAAGGCGGTCAACATC
GGAGCCCAATGTGTCCTACA
GACTTTGGAAGTGCAAAGCAG
GGCCAACGTGGAGTTATCAT
TCTGACCATCAAAGGACACG
ATCGAGCCACGACCTAATGA
GCTACGTGCAGAAGGACCTC
GCTTCATCTGGGCCTGTAAG
CCCATGATCTGGAAGAGACC

AGAGGCTCTCTACCTGGTGTGT

TCTTCGAGAACGGATCGAGT
GATGCCCTACAAAGTGTTCCA
CAGCTCACTGTGAAGGCAAG
GGCAGCCAAATGCTACAAAT
TGGCTCTCTAAAGAACATCCG
TCAGGTCGAAGATTGGCTCT
GACAAGTGGTCCGCGTAAAG
CATGCACTGGGCTTAGATCA
CTCAAGATCCCACCCAATGA
AAGTGCTGTGCCACATACCA
GGCTGGCTAACCAAGCAGTA

AGGCCAGAAATCTTGCATGT
GTATTGCTGCACCATGCACT
GACCAGTCATAACGGGATTGA
GCTGCTTCTCAGGAATGGTC
CCACATTGGAGCAATACCCT
GGACACTGTCTTCCCAGTGC
TGTAATCAGCGGCTGTCTTG
CATGGTGTCCTATGAGAAGCC
GAGGAAGCAGGAGTCTGGTG
AAGGTGCATCTCCTGCCTT
AGTCGCATCATGGCAGAAA
CCAGCTAAGACACCTGCTCTG
AGCAGATGTTGTCCAAACCC
CTCGGGAAGAAACTGACAGC
ATCACCTTCCCATCCTGTGA
TTCTCACCATTCACTTCGCA
GACAGTTCTCCTGATGTCCGA
GTGAGCCCAGGAGTTCTGC
CCTGGACGAACATACTTGAGC
TGTGTTCAGCTCAGGGTACG
CTGTGAAGCCACATTCGCTA
GCTCAGCAAGTACACAGCCA
CGTGTAATCAGTGGCTCCAA
CAGTGTCATGCCCACTATGC
AACATTCCGGATGGTGTAGC
TAAGCTGGGATATGCTTGGC
TGGACGTATAGCCTCGTGGT
TGGACAAATCAGCACACTGG
TGACAAACTTCTGCCTGACG
CCTCCCAGCTCCAGTTGTT
TTGGCTGTCCTTTGGATACC
CCACTGTGCCGTACAGAGAA
GGTACAGTCCTTGTCGCCAT
TGGGCAAGCACACTGATAAA
CAGGTACGTGGTGAGCATTG
CACACTTGGACTGGACGTTG
ATCACTGCGACCAGTGTCTG
GCTTAGAGCCACGACCATACA
TTGCGAATGGTGATGTTGTT
TCCGTACATGAGGCTTTCAA
TCTAGGTCAGCTGCCTCCTC




Ncstn
Nep
Ngol
Nudtl15
Park7
Pkp4
Plat
Plau
Plg
Polr2f
Ppplrl5b
Prdx1
Prdx2
Prdx6
Prkaal
Prkaa2
Prkca
Prkcbl
Prkcd
Prkce
Prkcg
Prkcl
Prkcq
Prkcz
Prnp
Psenl
Psen2
Psenen2
Psmb5
Serpina3a
Snca
Sncb
Sodl
Tpo
Txnip
Txnrd2
Ubginl
Ucp3
Ugcrcl
Ugcre2
Xpa

TGCTCTATGGGTTCCTGGTT
ATGGAGACCTCGTTGACTGG
GCCGATTCAGAGTGGCAT
TTTGGAATTCGGTGAGACCT
GCCATCTGTGCAGGTCCTA
CAAACACTGGTTCAGCCATC
GCTGAGTGCATCAACTGGAA
CCAGAAGAACAAGGGAGGAA
GGTGGGAATACTGCAACCTG
AAGCGGATCACCACTCCTTA
TGAATCAGACGTGGAACAGG
CACCCAAGAAACAAGGAGGA
TAGCGACCATGCTGAGGACT
GGGCAGGAACTTTGATGAGA
TGTTCCAGCAGATCCTTTCC
ATGCCCAGATGAACGCTAAG
GGCGGATTTATCTGAAGGCT
GAGATCTGGGATTGGGACCT
GGGACACCATCTTCCAGAAA
AGCTTTGGCAAGGTCATGTT
GTTCCGTCTGCACAGCTACA
CACCCTCAAACTGGATTTGC
GCCTGAACAAGCAGGGTTAC
ATAGACTGGGACCTGCTGGA
CGAGACCGATGTGAAGATGA
ACCCGGAGGAAAGAGGAGTA
TCATGCTATTTCGTGCCTGTC
ATCTTGGTGGATTTGCGTTC
CAGATCTGCTGGACTTGGGT
GCCCAGGATGCTAGATGAAC
GGAGTGACAACAGTGGCTGA
CAGACCTGAAGCCAGAGGAG
CGTACAATGGTGGTCCATGA
CCCATACAGCTTCCCTCAAA
GCAGCAGGTCTGGTCTGAG
GGCACCTTTGACACTGTCCT
CACCGATATCCAGGAGCCTA
AAGACCCGATACATGAACGC
GTGGTGGAGTGCACCTGTC
CAAAGGAAGTCACCAGCCTT
TGAACCACTTTGATCTGCCA

CGGCGATGTAGTGTTGAAGA
TTCCATTGAGATGCTGTCCA
CATCCTTCCAGGATCTGCAT
AAGAATTTACCACGGAGGCA
GCGGCTCTCTGAGTAGCTGTA
CGCCTGTGCTGGTAACATAA
CTGGGTTTCTGCAGTAATTGTG
TTTGGGAGTTGAATGAAGCA
GCAGTCTGTCTCAGAGTCGCT
TGAGCAAAGGGTCTGTCTCC
CGTCTGAATCGTGGCTGTAA
CTTCATCAGCCTTTAAGACTCCA
TATTGATCCACGCCAGGTG
GCTCTCTCCCTTCTTCCAGTC
TTGAAAGACCAAAGTCGGCTA
ACCTGCATACAGCCTTCCTG
ATAAGGATCCGAAAGCCCAT
AACTTGAACCAGCCATCCAC
AAACTGCCACAGTGGTCACA
GTGCAGTCCACATCATCGTC
CTCGCAACAGGAACATTTCA
TTTGGTTTAAAGGGTGGAACC
TATTGATTGCGGATCCTGTG
TGGTGAACTGCGTGTCAAAG
CTGGATCTTCTCCCGTCGTA
TGGTTGTGTTCCAGTCTCCA
GTGTAGATGAGCTGCCCGTT
CCTTTGATTTGGCTCTGCTC
AGAAACTTGAAGGCCAGGGT
CAGTGATCCCAGACAGGTCA
GCTCCCTCCACTGTCTTCTG
CTCTGGCTCGTATTCCTGGT
AATCCCAATCACTCCACAGG
CCAAAGAGAGCACCTTGGTC
TAGCAAGGAGGAGCTTCTGG
CCTGGGCATCCACAATAATC
GCTGAGTCCCTTCTGCTGAG
GGGCACAAATCCTTTGTAGAAG
CCAGCAGCCCAGTATCAGAG
GCATTGATAACCTCTCCAGCA
AGCGCTGGCTCTCTCTTCT




2.3 Data Analysis

If not otherwise indicated all quantified data represent an average of at least three
independent experiments. Error bars represent standard error of the mean.
Statistical significance was calculated by two-tailed Student’s t test and significance
was set at p < 0.05.



2. Results

In order to examine whether cellular processes like APP processing, degradation,
oxidative stress, neuroinflammation, lipid- and energy-metabolism, G-protein
mediated signaling, neurogenesis and transcriptional regulation which are impaired
in AD, are affected by mild to moderate vitamin D hypovitaminosis, we decided to
analyse the expression of the AD-related genes listed in table 2 in mouse brains with
a mild to moderate vitamin D hypovitaminosis. For further information, a reference to
the potential link to AD is given in table 2.

Table 2. Gene expression alterations in mild to moderate vitamin D hypovitaminosis:

gene selection.

pathway gene gene name reference
APP homeostasis Ace angiotensin | converting enzyme [25]
Adam9 a disintegrin and metallopeptidase domain 9 [26]
Adam17 a disintegrin and metallopeptidase domain 17 [26]
Apbal amyloid beta precursor protein binding, family A, member 1 [27]
Apba3 amyloid beta precursor protein binding, family A, member 3 [27]
Apbb1l amyloid beta precursor protein binding, family B, member 1 [28]
Apbb2 amyloid beta precursor protein binding, family B, member 2 [28]
Aphla aphl homolog A, gamma secretase subunit [29]
Aphlb aphl homolog B, gamma secretase subunit [29]
Aphlc aphl homolog C, gamma secretase subunit [29]
App amyloid beta precursor protein [30]
Appbp1l amyloid beta precursor protein binding protein 1 [31]
Bacel beta-site APP-cleaving enzyme 1 [32]
Bace2 beta-site APP-cleaving enzyme 2 [33]
Cdkl1 cyclin-dependent kinase-like 1 [34]
Ctsb cathepsin B [35]
Ctsg cathepsin G [36]
Ctsl cathepsin L [37]
Ecel endothelin converting enzyme 1 [38]
Ece2 endothelin converting enzyme 2 [38]
Hadh2 3-hydroxyacyl-CoA dehydrogenase [39]
Ide insulin degrading enzyme [40]
Lrpl low density lipoprotein receptor-related protein 1 [41]
Mmp2 matrix metallopeptidase 2 [42]
Mmp9 matrix metallopeptidase 9 [42]
Ncstn nicastrin [43]
Nep membrane metallo endopeptidase [40]
Pkp4 plakophilin 4 [44]




Plg plasminogen [45]
Prnp prion protein [46]
Psenl presenilin 1 [43]
Psen2 presenilin 2 [43]
Psenen2 presenilin enhancer 2, gamma secretase subunit [43]
Psmb5 proteasome (prosome, macropain) subunit, beta type 5 [47]
Serpina3a serine (or cysteine) peptidase inhibitor, clade A,
Serpina3a [48]
member 3A
Snca synuclein, alpha [49]
Sncb synuclein, beta [50]
Ubginl ubiquilin 1 [51]
oxidative stress Als2 amyotrophic lateral sclerosis 2 [52]
Casp3 caspase 3 [53]
Cat catalase [54]
Cdk5 cyclin-dependent kinase 5 [55]
Duox1 dual oxidase 1 [56]
Epx eosinophil peroxidase [57]
excision repair cross-complementing rodent repair deficiency,
Ercc2 [58]
complementation group 2
excision repair cross-complementing rodent repair deficiency,
Ercc6 [59]
complementation group 6
Gabl GRB2-associated binding protein 1 [60]
Gpx1, 2, 3, 5, 6,
; glutathione peroxidase 1, 2, 3,5, 6, 7 [61]
Ngol NAD(P)H dehydrogenase, quinone 1 [62]
Nudtl5 nudix type motif 15 [63]
Park7 parkinson disease (autosomal recessive, early onset) 7 [64]
Pppl1rl5b protein phosphatase 1, regulatory subunit 15B [65]
Prdx1/2/6 peroxiredoxin 1 [66]
Sodl superoxide dismutase 1, soluble [67]
Txnip thioredoxin interacting protein [68]
Txnrd2 thioredoxin reductase 2 [69]
Ucp3 uncoupling protein 3 [70]
Uqcrcl ubiquinol-cytochrome c reductase core protein | [71]
Uqcrec2 ubiquinol-cytochrome c reductase core protein Il [72]
Xpa xeroderma pigmentosum, complementation group A [73]
lipid metabolism Aass aminoadipate-semialdehyde synthase [74]
Abcal ATP-binding cassette, sub-family A, member 1 [75]
Acatl-3 acetyl-CoA acetyltransferase 1-3 [76]
Apoal apolipoprotein A-I [77]
Apoe apolipoprotein E [78]




Clu clusterin [79]
Hmgcr 3-hydroxy-3-methylglutaryl-CoA reductase [80]
Lrp6 low density lipoprotein receptor-related protein 6 [81]
Lpl lipoprotein lipase [82]
kinases/ Prkca protein kinase C, alpha [83]
phosphatases/ Prkcbl/d/e/g protein kinase C, beta 1/ delta / epsilon / gamma [84]
G-proteins Prkcl serine/threonine protein kinase [85]
Prkcq protein kinase C, theta [86]
Prkcz protein kinase C, zeta [87]
Cdc2 cyclin-dependent protein kinase 2 [88]
Gnaol guanine nucleotide binding protein, alpha O [89]
guanine nucleotide binding protein (G protein), beta
Gnb1-5 [90]
polypeptide 1-5
neurogenesis Map2 microtubule-associated protein 2 [91]
Mapt microtubule-associated protein tau [92]
Plat plasminogen activator, tissue [93]
Plau plasminogen activator, urokinase [94]
neurotransmissio  Ache acetylcholinesterase [95]
n Bche butyrylcholinesterase [96]
Chat choline acetyltransferase [97]
Mpp4 membrane protein, palmitoylated 4 [98]
Bdnf brain-derived neurotrophic factor [99]
energy Prkaal protein kinase, AMP-activated, alpha 1 catalytic subunit [100]
metabolism Prkaa2 protein kinase, AMP-activated, alpha 2 catalytic subunit [101]
Idhl isocitrate dehydrogenase 1 (NADP+), soluble [102]
Ins insulin [103]
Ernl endoplasmic reticulum to nucleus signaling 1 [104]
Tpo thyroid peroxidase [105]
Insr insulin receptor [106]
regulation of gene  Ep300 E1A (adenovirus early region 1A) binding protein p300 [107]
expression Hdacl histone deacetylase 1 [108]
Gap43 growth associated protein 43 [109]
neurofibrillary
tangles Gsk3a glycogen synthase kinase 3 alpha [110]
Gsk3b glycogen synthase kinase 3 beta [111]
inflammation A2m alpha-2-macroglobulin [111]
II1A interleukin 1, alpha [112]
Casp4 caspase 4 [113]
Mpo myeloperoxidase [114]




Analysing the 117 selected genes (see table 2) by RT-PCR for changes in their
expression level in a first mouse population, containing four wildtype (wt) and four
vitamin D deficient mice, shows that expression level of 25 out of these 117 genes
were changed with a significance of p < 0.1 by the vitamin D deficit and 92 genes
showed an alteration with a significance of p = 0.1 (see table 3). The 25 top target
candidates of the first mouse cohort were further analysed in a second mouse
population containing three wt and three vitamin D deficient mice.

Table 3. Expression changes of 117 AD-related genes in mild to moderate vitamin D
hypovitaminosis (n=4).

gene % of control standard error t test
Pkp4 77.95 1.25 0.000 )
Mpp4 52.79 5.06 0.000
Plat 63.75 4,28 0.000
Apbal 65.91 4.59 0.000
Ppplri5b 69.67 5.87 0.001
Nep 67.08 8.07 0.007
Prkcd 65.99 8.40 0.007
Aphlc 70.55 7.76 0.009
Acat3 144.78 12.90 0.013
Casp4 162.99 18.36 0.014
selected top
Gap43 89.39 3.42 0.021
candidate
Apbb2 74.42 8.55 0.024
genes for
Ep300 66.96 11.21 0.026
analysis of
Gnb5 63.32 12.79 0.029
second mouse
Psmb5 161.47 21.96 0.031
cohort
Gnb4 65.24 14.30 0.051
Gnaol 82.36 7.41 0.055
Snca 140.27 18.53 0.073
Acatl 195.21 44.09 0.074
Nqgol 80.66 9.09 0.077
Park7 74.73 11.99 0.080
Prkce 72.35 13.13 0.080
Gpx5 166.18 33.29 0.094
Abcal 157.51 29.09 0.095
Insr 67.25 16.77 0.099 —
Prkaa2 79.18 11.68 0.125
Sncb 82.63 10.24 0.141

Map2 93.73 4.04 0.171




Cdki1
Ece2
Xpa
Lpl
Ctsg
Gpx6
Ins
Acat2
Bche
Prkca
Apbb1
Serpina3a
Clu
Mmp2
Aphlb
Cdk5
Ctsb
Epx
Hdacl
Ide
Ecel
Prdx1
Bace2
Gpx7
Ernl
Idh1
Ucp3
Gsk3b
Apba3
Plg
Adam9
Plau
Lrp6
Mpo
Chat
Txnip
Prkcl
Prkcq
Mapt
ll1la
Gpx1

93.72
86.08
70.31
119.20
333.69
139.95
210.65
159.74
146.34
81.63
87.10
260.19
86.13
146.13
92.73
113.68
146.67
111.53
151.76
153.98
78.59
84.55
126.88
132.70
115.60
143.13
490.65
170.56
84.97
222.90
89.38
78.38
107.60
157.64
146.56
135.23
119.69
127.20
102.27
120.84
86.52

4.06
9.02
19.40
12.59
159.88
28.36
78.88
42.99
33.47
13.29
9.38
121.19
10.53
36.96
5.84
11.63
40.77
10.53
47.93
50.94
20.34
15.34
27.15
33.09
15.79
43.99
412.05
75.52
16.40
134.94
11.79
24.54
8.78
70.46
59.33
48.89
27.66
39.09
3.39
31.28
21.48

0.173
0.174
0.177
0.178
0.194
0.209
0.210
0.214
0.215
0.216
0.218
0.234
0.236
0.258
0.260
0.284
0.296
0.316
0.322
0.330
0.333
0.353
0.360
0.361
0.362
0.365
0.380
0.386
0.395
0.398
0.403
0.412
0.420
0.445
0.462
0.498
0.503
0.513
0.528
0.530
0.554




Prkcg
Adam17
Bdnf
Lrpl
Cat
Psen2
Hmgcr
Prdx2
Ercc6
Appbpl
Ctsl
Prkcbl
Uqcrc2
Ncstn
Ubginl
Ache
Tpo
Prkaal
Uqgcrel
Apoal
Cdc2
Apoe
Hadh2
App
Psenen2
Mmp9
Aass
Bacel
Duox1
Gabl
Gpx2
Als2
Prdx6
Ace
Txnrd2
Aphla
Prkcz
A2m
Gnb2
Gsk3a

Psenl

85.51
113.92
111.42
96.86
109.43
112.84
138.22
108.25
107.48
105.83
95.03
91.20
122.45
115.11
107.95
95.31
129.25
109.64
107.28
124.69
92.96
93.91
115.69
112.38
108.82
93.62
107.73
96.45
112.77
94.45
115.72
112.12
104.81
109.54
94.19
103.96
114.45
106.50
106.41
97.53
92.27

23.42
22.74
18.80
5.24

15.82
22.02
67.83
15.37
14.62
11.53
9.95

18.67
48.07
32.38
17.20
10.29
65.43
22.06
17.45
60.01
17.12
15.42
40.94
32.59
24.80
18.02
22.24
10.48
38.29
16.76
50.49
39.76
17.60
36.98
22.84
15.65
59.68
39.10
41.28
16.92
54.56

0.559
0.563
0.566
0.570
0.573
0.581
0.593
0.611
0.627
0.631
0.635
0.654
0.657
0.657
0.660
0.664
0.671
0.678
0.691
0.695
0.695
0.706
0.715
0.717
0.734
0.736
0.740
0.746
0.750
0.752
0.766
0.771
0.794
0.805
0.808
0.809
0.817
0.874
0.882
0.889
0.892




Gpx3 97.02 28.02 0.919

Sod1l 101.63 16.64 0.925
Gnbl 101.74 26.65 0.950
Prnp 101.35 30.06 0.966
Nudt15 101.09 30.20 0.972
Casp3 99.58 15.47 0.979
Ercc2 99.77 10.05 0.982

In table 4 the combined expression data of both mouse populations are listed.

Table 4. Combined analysis of mouse population 1 and 2 of the 25 most promising
AD-related target genes selected by the results of the first mouse cohort.

gene % of control standard error t test
Nep 77.91 6.80 0.0069
Acatl 274.22 63.29 0.0175
Psmb5 164.04 24.53 0.0228
selected genes for

Casp4 154.69 21.03 0.0232

further analysis
Plat 75.05 8.23 0.0290

with additional
Snca 154.86 24.24 0.0430

three

Ep300 76.46 11.19 0.0572

housekeeping
Park7 80.66 9.34 0.0607

genes

Gnb5 78.94 10.20 0.0613
Apbal 81.24 10.29 0.0933
Abcal 343.84 134.99 0.0960 -
Gpx5 159.41 33.65 0.1029
Gnb4 79.26 11.97 0.1089
Acat3 127.88 17.11 0.1293
Apbb2 87.94 10.09 0.2551
Gap43 116.17 18.41 0.3968
Nqgol 125.61 29.18 0.3973
Insr 87.18 15.57 0.4262
Prkecd 88.15 18.16 0.5263
Aphlc 86.41 20.90 0.5278
Mpp4 86.28 24.49 0.5857
Prkce 94.20 15.97 0.7226
Ppplrl5b 108.62 30.55 0.7827
Pkp4 96.93 12.01 0.8029

Gnaol 96.67 14.48 0.8221




As shown in table 4, eleven genes were affected (p < 0.1) by the moderate vitamin D
deficit. Expression of Nep, Plat, Ep300, Park7, Gnb5, Apbal was reduced (Nep:
77.91% + 6.80%, p = 0.007; Plat: 75.05% + 8.23%, p = 0.029; Ep300:

76.46% * 11.19%, p = 0.057; Park7: 80.66% + 9.34%, p = 0.061; Gnb5:

78.94% + 10.20%, p = 0.061; Apbal: 81.24% + 10.29%, p = 0.093), whereas
expression of Acatl, Psmb5, Casp4, Snca, Abcal was elevated in brain samples of
hypovitaminosis D mice compared to control group (Acatl.:

274.22% * 63.29%, p = 0.018; Psmb5: 164.04% + 24.53%, p = 0.023; Casp4:
154.69% + 21.03%, p = 0.023; Snca: 154.86% + 24.24%, p = 0.043; Abcal:
343.84% £ 134.99%, p = 0.096). Corresponding box plots are pictured in figure 2 (or
in supplement figure 1).

The expression data illustrated in figure 2 showing the most promising candidates of
AD-related genes affected by mild to moderate vitamin D hypovitaminosis were
obtained by RT-PCR analysis compared to the housekeeping gene actin beta (Actb).
To further strengthen our findings we performed RT-PCR analysis of these genes
compared to three additional housekeeping genes, ATP synthase subunit beta
(Atp5b), myosin phosphatase Rho interacting protein (Mprip) and RNA polymerase Il
subunit F (Polr2f) (table 5). The determination of the combined expression level
compared to all four housekeeping genes — Actb, Atp5b, Mprip and Polr2f — revealed
that eight out of the eleven obtained candidate genes were significantly altered. Plat,
Gnb5, Nep and Park7 were significantly decreased (Plat, mean: 70.4% + 2.91%, p <
0.001; Gnb5, mean: 77.41% + 3.44%, p = 0.0006; Nep, mean: 83.73% * 4.50%, p =
0.0112; Park7, mean: 88.10% % 4.16%, p = 0.0288), Psmb5, Casp4, Snca and Acatl
were significantly elevated (Psmb5, mean: 173.90% + 11.96%, p = 0.0008; Casp4,
mean: 194.77% + 16.06%, p = 0.0011; Snca, mean: 160.19% + 10.43%, p = 0.0012,;
Acatl, mean: 214.06% + 23.12%, p = 0.0026). Expression of Abcal was also still
increased, however did not reach significance when compared to all four
housekeeping genes (mean: 201.79% + 47.96%, p = 0.0780) (table 5).

Table 5. Expression changes of the eleven selected AD-related candidate genes of
the combined two mouse cohorts with mild to moderate vitamin D hypovitaminosis
compared to four housekeeping genes.

gene Actb Atp5b Mprip Polr2f mean t test
Plat 75.05% * 65.83% + 75.80% + 64.93% + 70.40% t

8.23% 6.52% 9.81% 5.34% 2.91% 00001
Gnb5 78.94% + 74.73% + 86.10% + 69.86% + 77.41%

10.20% 21.66% 25.17% 15.03% 3.44% 00006
Psmb5 164.04% = 155.92% + 166.48% = 209.14% 173.90% 0.0008

24.53% 30.05% 33.06% +80.91% +11.96%




Casp4 154.69% =+ 188.86% * 231.84% + 203.69% 194.77%

0.0011

21.03% 49.24% 88.30% +39.23% +16.06%

Snca 154.86% * 139.15% * 157.74% + 188.99%  160.19%
24.24% 22.89% 39.70% +65.07%  10.43% 00012

Acatl 274.22% + 173.44% = 226.12% + 182.46% 214.06%
63.29% 67.33% 116.62%  £56.49% +23.12% 00026

Nep 77.91% + 76.19% + 84.79% + 96.03% * 83.73% *
6.80% 7.41% 15.14% 23.06% 4.50% 00112

Park7 80.66% + 81.14% + 9551% + 95.10% + 88.10% =+
9.34% 13.59% 26.04% 15.76% 4.16% 00288

Abcal 343.84% + 135.55% * 154.96% + 172.81%  201.79%
134.99% 25.71% 42.88% +54.78% +47.96% 00780

Ep300 76.46% + 100.21% * 126.13% + 106.03%  102.21%
11.19% 28.29% 53.29% +20.30% +10.22% 08361

Apbal 81.24% + 98.07% + 114.23% +  111.14% 101.17%
10.29% 14.33% 29.39% +14.42% +7.51% 08813

Summary table 6 shows a list of the changed genes categorized by cellular
pathways involved in AD pathogenesis.

Table 6. Gene expression changes in mild to moderate vitamin D hypovitaminosis:
AD-related pathways.

pathway Alzheimer’s Disease hypovitaminosis D

increased AB plaque formation [115, 116] Snca 1

APP homeostasis
decreased AB degradation [117] Nep |, Psmb5 1

oxidative stress changed stress sensor [118] Park7|

inflammation triggered innate immune response [119, 120] Casp4 1

lipid metabolism changed cholesterol metabolism [121, 122] (Abcal 1), Acatl 1

signal transduction decreased G-proteins [123] Gnb5]

neurogenesis activated tPA/plasmin system [93] Plat |




3. Discussion

Besides the two main pathological hallmarks of AD, extracellular AB-plaques and
intracellular neurofibrillary tangles, further critical metabolic processes are affected
in AD, including neuroinflammation, oxidative stress, lipid homeostasis, G-protein
mediated signaling, neurogenesis and transcriptional regulation [121, 123-127].
Importantly, no causal treatment is available emphasizing the need for efficient
prevention and/or cure for AD. An innovative approach for the treatment of AD is
demonstrated by the therapeutic potential of lipids or liposoluble vitamins like vitamin
E and D or its analogues [11, 22, 128-130]. Vitamin D hypovitaminosis, affecting up
to 85% of the elderly population in the industrial nations [17], was linked to an
increased risk for neurodegenerative diseases like AD [20, 21, 131]. AD patients
show lower concentrations of circulating serum 25(OH) vitamin D3 and reveal
differences in VDR expression or polymorphisms compared to matched controls [15,
132, 133]. Furthermore, recent clinical studies reported a higher prevalence of
dementia in context with vitamin D insufficiency. Interestingly, they found lower
serum vitamin D levels in dark-skinned than in fairer-skinned individuals [23]. A
possible explanation could be the skin pigmentation because the higher
concentration of melanin decelerated the synthesis of vitamin D [134]. With
simultaneous consideration of these facts, a higher prevalence of dementia could be
expected in dark-skinned individuals. And indeed a recent study with 2.5 million
participants demonstrated a 28 % higher incidence of dementia diagnosis in men of
African descent compared to those of Caucasian descent [135]. Besides the skin
color, the geographical variation also seems to influence the risk of dementia.
Recent findings showed higher rates of dementia in the north of the northern
hemisphere relative to the south, discussed to be due to a reduced sunlight
exposure resulting in decreased vitamin D levels [136].

As vitamin D is able to influence the expression of target genes via the VDR, the aim
of our study was to examine if the expression of AD-related genes is changed under
mild to moderate hypovitaminosis conditions. We analysed the expression of 117
genes, which play a role in APP homeostasis, oxidative stress, inflammation, lipid
metabolism, G-proteins, neurogenesis or transcriptional regulation, in brains of mice
with a mild to moderate vitamin D hypovitaminosis (see table 2). Gene expression of
eight genes, summarized and attributed to their pathway in table 6, were significantly
altered in vitamin D deficient mouse brains when normalized to four housekeeping
genes, to exclude potential false positive AD-related target genes affected by mild to
moderate vitamin D hypovitaminosis by using only one housekeeping gene. Plat,
Gnb5, Psmb5, Casp4, Snca, Acatl, Nep and Park7 still revealed highly significant
alterations. In our recent study a 20% to 30% vitamin D reduction in mouse brain was
utilized to examine the effect of a mild to moderate vitamin D hypovitaminosis in
respect to AD.



In the following paragraphs the pathways affected by vitamin D hypovitaminosis and
their role in AD are briefly discussed.

APP homeostasis

It is well known, that APP homeostasis is impaired towards increased AB plaque
formation and decreased AR degradation in AD [115, 117]. Besides several other
factors, AP levels are increased in AD due to an upregulated expression of A3
generating enzymes and a downregulated expression of AR degrading enzymes
[137, 138]. Analysing the effect of vitamin D deficiency on A degradation, we found
a significantly reduced Nep expression as well as a significantly upregulated
expression of Psmb5 (see table 5). The zinc metalloendopeptidase neprilysin is one
of the most prominent AR degrading enzymes [139]. The decreased expression of
Nep as a consequence of the vitamin D deficit (Nep: 83.73% + 4.50%, p = 0.0112) is
in accordance to a previous study revealing a 17% reduction of Nep expression in
hypovitaminosis D mouse brains compared to control mouse brains [22].

It has to be emphasized that besides the other unknown newly identified targets,
Nep and Park7 have already been reported to be affected be vitamin D. We decided
to include these two known genes in our study to evaluate whether a 20-30% vitamin
D hypovitaminosis is sufficient to reproduce the known alterations in gene
expression. Moreover, in our study the gene expression was analysed in mouse
brain. Up until now, very little was known about vitamin D also playing a role in gene
expression in brain. By identifying Nep and Park7 as targets of vitamin D
hypovitaminosis we could, in line with the previous studies, also demonstrate that in
principal vitamin D hypovitaminosis is able to modulate gene expression in brain as
well and not only in liver or other organs. A strong reduction in Nep mRNA levels has
also been reported in microglia from 14 months old PS1-APP transgenic mice [140].
Notably, in a recent meta-analysis the level of NEP mRNA is described to be
significantly lower in AD cases than in non-AD cases [141].

In association with AB plaques an accumulation of aberrant and ubiquitinated
proteins is found in AD [142]. Besides AR degradation involving NEP, the ubiquitin
proteasomal system (UPS) degrades abnormal or misfolded proteins. Changes in
this cellular system lead to the accumulation of proteins and to neuronal disorders
like AD [47, 143]. Under mild to moderate hypovitaminosis D, the expression of
Psmb5, encoding for the proteolytic constitutive proteasome subunit beta 5 and
exhibiting chymotrypsin-like activity, was significantly increased to 173.90%.
Elevated chymotryptic and tryptic (encoded by the b-subunit b2) proteasome activity
has also been reported for astrocytes treated with AB42 for 24 hours [144], indicating
that proteasome activity is elevated in AD and an impaired proteasome function has
been reported for post mortem brains of AD patients [145, 146] and for several AD
mouse models [147-149]. Studies addressing the expression of the constitutive
proteasome subunits in AD reported an overall decrease of 5 (PSMB5) expression
at all Braak stages [150].



Furthermore, we found that the expression of Snca, encoding the alpha-synuclein
protein was significantly upregulated in brains of mice with a mild to moderate
vitamin D hypovitaminosis (Snca: 160.19% + 10.43%, p = 0.0012). Interestingly,
SNCA is discussed to interact with AR and to stimulate aggregation of AR [151-155].
A recent study reports an elevated mRNA expression of SNCA in peripheral
leukocytes of AD patients compared to age- and gender-matched control individuals
[49]. Besides the impact of SNCA in AD, a tight association of the neuropathological
hallmarks of PD and Lewy body disease with SNCA has been shown [156]. In
summary we could demonstrate that the altered expression of Nep, Psmb5 and
Snca indicates that APP homeostasis is impaired by vitamin D hypovitaminosis. An
impaired APP homeostasis is known to be a key process in AD highlighting a
potential causal link between AD and hypovitaminosis D. Nevertheless this potential
mechanistic link and the link discussed below has to be proven in clinical studies
dealing with vitamin D supplementation.

Oxidative stress

In addition to elevated AP levels resulting in senile plaques, increased oxidative
stress [157, 158] is a major feature contributing to AD pathology. In our study we
observed changed expression of Park7 in brains of vitamin D deficient mice (Park7:
88.10% + 4.16%, p = 0.0288). The cancer- and Parkinson’s disease (PD)
associated protein PARKY acts as oxidative stress sensor and is involved in
neuroprotective mechanisms [64, 159]. A study, analyzing the Park7 expression in
human post mortem AD brains, reported an increased protein expression [160]. In
respect to oxidative stress, it was shown that vitamin D can prevent AB-induced
inducible nitric oxide synthase (iNOS) expression via VDR [161].

Inflammation

An activation of inflammatory pathways is clearly linked to AD pathogenesis [10,
119, 162]. Expression of Casp4, encoding caspase 4, a member of the
cysteine-aspartic acid protease family, was significantly increased in mild to
moderate hypovitaminosis D (Casp4: 194.77% + 16.06%, p = 0.0011). Caspase 4 is
described to be involved in AB-induced cell death [163] and an upregulated Casp4
expression was reported in an AD mouse model [113]. Interestingly, it could be
shown, that calcitriol, the double-hydroxylated active form of vitamin D3, rebalances
inflammation to promote AB phagocytosis in vitro [164]. This data indicates that
CASP4 activity is affected both in AD and hypovitaminosis D.

Lipid metabolism

Besides the already discussed metabolic processes affected in AD, more and more
evidence arises, that AD pathology is closely linked to changes in lipid metabolism.
APP and its processing enzymes are all transmembrane proteins [121] and several
lipid classes affect AB generation [1, 128, 165-167] or have been found to be altered



in AD post mortem brains [5, 168-174]. We observed two genes affected by vitamin
D deficit, Abcal and Acatl. Interestingly, Acatl and Abcal both involved in
cholesterol homeostasis showed the highest effect strength, however Abcal slightly
failed to reach significance. Abcal encodes a protein called ATP binding cassette
subfamily A member 1, which plays a crucial role in cellular trafficking of cholesterol
[175]. We observed an increased expression of Abcal in vitamin D hypovitaminosis
(Abcal: 201.79% + 47.96%, p = 0.0780), however statistical analysis did not reach
significance. ABCAL expression has also been found to be elevated in AD
hippocampal neurons [176].

The second lipid metabolism related gene, which was affected by hypovitaminosis
D, was Acatl, which encodes the acetyl-CoA acetyltransferase 1. Acetoacetyl-CoA
can be metabolized by HMG-CoA synthase resulting in
3-hydroxy-3-methylglutaryl-CoA (HMG-CoA) which in turn can be further
metabolized to cholesterol, which has been closely linked to AD pathology [128].
Elevated cholesterol level have been found to increase AB production whereas
decreased levels strongly reduce AP release in vitro and in vivo [177-180]. Our data
showed a significant elevated Acatl expression in mild to moderate hypovitaminosis
D (Acatl: 214.06% * 23.12%, p = 0.0026) which could result in increased
cholesterol and finally AB level. A potential explanation for the increased Abcal
expression in hypovitaminosis D might be the altered cholesterol homeostasis
caused by an increased Acatl expression, because it has been reported that
cholesterol upregulates Abcal gene expression [175]. In summary vitamin D
hypovitaminosis affects gene expression of lipid genes, especially in cholesterol
homeostasis providing a general potential mechanistic link to neurodegenerative
diseases especially AD.

Signal transduction

Guanine nucleotide-binding proteins (G-proteins), heterotrimeric proteins composed
of Ga, GB and Gy subunits, function in signal transduction pathways and are cellular
switches because of their ability to bind to and hydrolyze guanosine triphosphate to
guanosine diphosphate [181]. Our study showed a significantly reduced expression
of Gnb5 in mild to moderate hypovitaminosis D (Gnb5:

77.41% + 3.44%, p = 0.0006). Gnb5 encodes for the G-protein subunit 5, which
forms a heterodimer with the y-subunit and regulates the a-subunit. A serial analysis
of gene expression (SAGE) study in human hippocampus reported a downregulated
expression of the G-protein signaling molecule Gnb5 in APOE3/4 and APOE4/4 AD
patients [89]. Taking into consideration that G-protein mediated signaling pathways
including G-protein-coupled receptors (GPCRs) become important targets for
potential drug treatments in neurodegenerative disorders like AD [182, 183], based
on our findings vitamin D supplementation might also act via similar potentially
beneficial mechanisms.



Neurogenesis

The cognitive impairments linked with neurodegeneration are one clinical hallmark of
AD. Impaired neurogenesis can therefore be relevant for the progression of AD
[184]. In our study on mouse brains with mild to moderate vitamin D deficit, the
expression of Plat was significantly decreased compared to control mouse brains
(Plat: 70.40% * 2.91%, p = 0.0001). This gene encodes tissue-type plasminogen
activator (tPA), which converts plasminogen to plasmin, and plays a role in cell
migration and tissue remodeling during development and regeneration [185].
Studies using AB-treated primary cortical neuronal cultures showed that aggregated
AB increased the tPA mRNA levels [93], whereas non-aggregated A showed no
effect on tPA expression. Notably, in this study it is further shown that plasmin
degrades AB and inhibits AR neurotoxicity [93]. Decreased expression of the tPA
protein in mild to moderate hypovitaminosis D would therefore decrease the
generation of plasmin, finally resulting in elevated AB level caused by impaired AB
degradation mediated by plasmin. Furthermore, reduced plasminogen
activator-catalyzed proteolysis in neuronal tissues would influence neuronal
plasticity and synaptic reorganization [185], which might contribute to the cognitive
impairments found for vitamin D deficient patients [20, 186-189].

In summary it has been discussed that vitamin D also affects brain metabolism via
transcriptional regulation caused by vitamin D receptor (VDR) and retinoid X
receptor mediated mechanism. Although there is a clear link between AD and
vitamin D hypovitaminosis, little is known whether there is an overlap of genes
regulated by vitamin D homeostasis and genes affected in AD especially under mild
to moderate vitamin deficiency. As 85% of the elderly western population show a
vitamin D undersupply, we have decided to analyse 20% to 30% vitamin D deficient
mouse brains to address the mild to moderate hypovitaminosis in humans. After
verification of the top candidate genes in a second mouse population, including three
additional housekeeping genes, we found eight to be significantly altered in the
brain. The identified eight AD-related genes are promising target genes affected by
vitamin D deficiency and are mainly involved in different metabolic pathways which
all have a synergistic impact in AD (see figure 3). Further studies have to evaluate if
a supplementation of vitamin D would rescue the identified impairments in gene
expression. Interestingly, these pathways are not only involved in AD but also other
neurodegenerative disorders like Parkinson’s disease, vascular dementia,
frontotemporal disease and Lewy body disease, potentially explaining a link to these
neurodegenerative diseases as well. In general our results emphasize that vitamin D
homeostasis is tightly linked to several metabolic pathways not only in liver or kidney
but is also abundant for a physiological brain function, an aspect which should be
investigated in detail in the future.



ACCEPTED MANUSCRIPT



References

[1] Grimm MO, Zinser EG, Grosgen S, Hundsdorfer B, Rothhaar TL, Burg VK, et al.
Amyloid precursor protein (APP) mediated regulation of ganglioside homeostasis linking
Alzheimer's disease pathology with ganglioside metabolism. PloS one. 2012;7(3):e34095
[2] Grimm MO, Hundsdorfer B, Grosgen S, Mett J, Zimmer VC, Stahlmann CP, et al. PS
dependent APP cleavage regulates glucosylceramide synthase and is affected in
Alzheimer's disease. Cellular physiology and biochemistry : international journal of
experimental cellular physiology, biochemistry, and pharmacology. 2014;34(1):92-110

[3] Hebert SS, Serneels L, Tolia A, Craessaerts K, Derks C, Filippov MA, et al. Regulated
intramembrane proteolysis of amyloid precursor protein and regulation of expression of
putative target genes. EMBO reports. 2006;7(7):739-45

[4] Robinson A, Grosgen S, Mett J, Zimmer VC, Haupenthal VJ, Hundsdorfer B, et al.
Upregulation of PGC-lalpha expression by Alzheimer's disease-associated pathway:
presenilin 1/amyloid precursor protein (APP)/intracellular domain of APP. Aging cell.
2014;13(2):263-72

[5] Grimm MO, Grosgen S, Rothhaar TL, Burg VK, Hundsdorfer B, Haupenthal VJ, et al.
Intracellular APP Domain Regulates Serine-Palmitoyl-CoA Transferase Expression and Is
Affected in Alzheimer's Disease. International journal of Alzheimer's disease.
2011;2011:695413

[6] von Rotz RC, Kohli BM, Bosset J, Meier M, Suzuki T, Nitsch RM, et al. The APP
intracellular domain forms nuclear multiprotein complexes and regulates the transcription
of its own precursor. Journal of cell science. 2004;117(Pt 19):4435-48

[7] Grimm MO, Mett J, Stahlmann CP, Grosgen S, Haupenthal VJ, Blumel T, et al. APP
intracellular domain derived from amyloidogenic beta- and gamma-secretase cleavage
regulates neprilysin expression. Frontiers in aging neuroscience. 2015;7:77

[8] Cao X, Sudhof TC. A transcriptionally [correction of transcriptively] active complex of
APP with Fe65 and histone acetyltransferase Tip60. Science. 2001;293(5527):115-20

[9] Glass CK, Saijo K, Winner B, Marchetto MC, Gage FH. Mechanisms underlying
inflammation in neurodegeneration. Cell. 2010;140(6):918-34

[10]Akiyama H, Barger S, Barnum S, Bradt B, Bauer J, Cole GM, et al. Inflammation and
Alzheimer's disease. Neurobiology of aging. 2000;21(3):383-421

[11]Grimm MO, Mett J, Hartmann T. The Impact of Vitamin E and Other Fat-Soluble
Vitamins on Alzheimer s Disease. International journal of molecular sciences. 2016;17(11)
[12]Pike JW, Meyer MB. The vitamin D receptor: new paradigms for the regulation of
gene expression by 1,25-dihydroxyvitamin D(3). Endocrinology and metabolism clinics of
North America. 2010;39(2):255-69, table of contents

[13]Holick MF. Vitamin D: A millenium perspective. Journal of cellular biochemistry.
2003;88(2):296-307

[14]Smith EL, Walworth NC, Holick MF. Effect of 1 alpha,25-dihydroxyvitamin D3 on the
morphologic and biochemical differentiation of cultured human epidermal keratinocytes
grown in serum-free conditions. The Journal of investigative dermatology.
1986,86(6):709-14



[15]Sutherland MK, Somerville MJ, Yoong LK, Bergeron C, Haussler MR, McLachlan
DR. Reduction of vitamin D hormone receptor mRNA levels in Alzheimer as compared to
Huntington hippocampus: correlation with calbindin-28k mRNA levels. Brain research
Molecular brain research. 1992;13(3):239-50

[16]Cui X, Pelekanos M, Liu PY, Burne TH, McGrath JJ, Eyles DW. The vitamin D
receptor in dopamine neurons; its presence in human substantia nigra and its ontogenesis in
rat midbrain. Neuroscience. 2013;236:77-87

[17]Annweiler C, Souberbielle JC, Schott AM, de Decker L, Berrut G, Beauchet O.
[Vitamin D in the elderly: 5 points to remember]. Geriatrie et psychologie neuropsychiatrie
du vieillissement. 2011;9(3):259-67

[18]Gloth FM, 3rd, Gundberg CM, Hollis BW, Haddad JG, Jr., Tobin JD. Vitamin D
deficiency in homebound elderly persons. Jama. 1995;274(21):1683-6

[19]MacLaughlin J, Holick MF. Aging decreases the capacity of human skin to produce
vitamin D3. The Journal of clinical investigation. 1985;76(4):1536-8

[20]Annweiler C, Allali G, Allain P, Bridenbaugh S, Schott AM, Kressig RW, et al.
Vitamin D and cognitive performance in adults: a systematic review. European journal of
neurology. 2009;16(10):1083-9

[21]Llewellyn DJ, Lang IA, Langa KM, Melzer D. Vitamin D and cognitive impairment in
the elderly U.S. population. The journals of gerontology Series A, Biological sciences and
medical sciences. 2011;66(1):59-65

[22] Grimm MO, Lehmann J, Mett J, Zimmer VC, Grosgen S, Stahlmann CP, et al. Impact
of Vitamin D on amyloid precursor protein processing and amyloid-beta peptide
degradation in Alzheimer's disease. Neuro-degenerative diseases. 2014;13(2-3):75-81
[23]Buell JS, Dawson-Hughes B, Scott TM, Weiner DE, Dallal GE, Qui WQ, et al.
25-Hydroxyvitamin D, dementia, and cerebrovascular pathology in elders receiving home
services. Neurology. 2010;74(1):18-26

[24]Binkley N, Ramamurthy R, Krueger D. Low vitamin D status: definition, prevalence,
consequences, and correction. Endocrinology and metabolism clinics of North America.
2010;39(2):287-301, table of contents

[25]Hemming ML, Selkoe DJ. Amyloid beta-protein is degraded by cellular
angiotensin-converting enzyme (ACE) and elevated by an ACE inhibitor. The Journal of
biological chemistry. 2005;280(45):37644-50

[26] Asai M, Hattori C, Szabo B, Sasagawa N, Maruyama K, Tanuma S, et al. Putative
function of ADAM9, ADAM10, and ADAM17 as APP alpha-secretase. Biochemical and
biophysical research communications. 2003;301(1):231-5

[27]Arbor SC, LaFontaine M, Cumbay M. Amyloid-beta Alzheimer targets - protein
processing, lipid rafts, and amyloid-beta pores. The Yale journal of biology and medicine.
2016;89(1):5-21

[28]King GD, Scott Turner R. Adaptor protein interactions: modulators of amyloid
precursor protein metabolism and Alzheimer's disease risk? Experimental neurology.
2004;185(2):208-19

[29]Serneels L, Dejaegere T, Craessaerts K, Horre K, Jorissen E, Tousseyn T, et al.
Differential contribution of the three Aphl genes to gamma-secretase activity in vivo.



Proceedings of the National Academy of Sciences of the United States of America.
2005;102(5):1719-24

[30]Zhang H, Ma Q, Zhang YW, Xu H. Proteolytic processing of Alzheimer's beta-amyloid
precursor protein. Journal of neurochemistry. 2012;120 Suppl 1:9-21

[31]Chen Y, Liu W, McPhie DL, Hassinger L, Neve RL. APP-BP1 mediates APP-induced
apoptosis and DNA synthesis and is increased in Alzheimer's disease brain. The Journal of
cell biology. 2003;163(1):27-33

[32]Coulson DT, Beyer N, Quinn JG, Brockbank S, Hellemans J, Irvine GB, et al. BACE1
MRNA expression in Alzheimer's disease postmortem brain tissue. Journal of Alzheimer's
disease : JAD. 2010;22(4):1111-22

[33]Vassar R. BACEL: the beta-secretase enzyme in Alzheimer's disease. Journal of
molecular neuroscience : MN. 2004;23(1-2):105-14

[34]Yen SH, Kenessey A, Lee SC, Dickson DW. The distribution and biochemical
properties of a Cdc2-related kinase, KKIALRE, in normal and Alzheimer brains. Journal of
neurochemistry. 1995;65(6):2577-84

[35]Asai M, Yagishita S, Iwata N, Saido TC, Ishiura S, Maruyama K. An alternative
metabolic pathway of amyloid precursor protein C-terminal fragments via cathepsin B in a
human neuroglioma model. FASEB journal : official publication of the Federation of
American Societies for Experimental Biology. 2011;25(10):3720-30

[36]Savage MJ, Igbal M, Loh T, Trusko SP, Scott R, Siman R. Cathepsin G: localization in
human cerebral cortex and generation of amyloidogenic fragments from the beta-amyloid
precursor protein. Neuroscience. 1994;60(3):607-19

[37]Wang H, Sang N, Zhang C, Raghupathi R, Tanzi RE, Saunders A. Cathepsin L
Mediates the Degradation of Novel APP C-Terminal Fragments. Biochemistry.
2015;54(18):2806-16

[38]Eckman EA, Watson M, Marlow L, Sambamurti K, Eckman CB. Alzheimer's disease
beta-amyloid peptide is increased in mice deficient in endothelin-converting enzyme. The
Journal of biological chemistry. 2003;278(4):2081-4

[39]Lenski C, Kooy RF, Reyniers E, Loessner D, Wanders RJ, Winnepenninckx B, et al.
The reduced expression of the HADH2 protein causes X-linked mental retardation,
choreoathetosis, and abnormal behavior. American journal of human genetics.
2007;80(2):372-7

[40]Jha NK, Jha SK, Kumar D, Kejriwal N, Sharma R, Ambasta RK, et al. Impact of
Insulin  Degrading Enzyme and Neprilysin in Alzheimer's Disease Biology:
Characterization of Putative Cognates for Therapeutic Applications. Journal of Alzheimer's
disease : JAD. 2015;48(4):891-917

[41]Van Uden E, Kang DE, Koo EH, Masliah E. LDL receptor-related protein (LRP) in
Alzheimer's disease: towards a unified theory of pathogenesis. Microscopy research and
technique. 2000;50(4):268-72

[42]Hernandez-Guillamon M, Mawhirt S, Blais S, Montaner J, Neubert TA, Rostagno A, et
al. Sequential Amyloid-beta Degradation by the Matrix Metalloproteases MMP-2 and
MMP-9. The Journal of biological chemistry. 2015;290(24):15078-91



[43]Krishnaswamy S, Verdile G, Groth D, Kanyenda L, Martins RN. The structure and
function of Alzheimer's gamma secretase enzyme complex. Critical reviews in clinical
laboratory sciences. 2009;46(5-6):282-301

[44]Stahl B, Diehlmann A, Sudhof TC. Direct interaction of Alzheimer's disease-related
presenilin 1 with armadillo protein p0071. The Journal of biological chemistry.
1999;274(14):9141-8

[45]Zamolodchikov D, Berk-Rauch HE, Oren DA, Stor DS, Singh PK, Kawasaki M, et al.
Biochemical and structural analysis of the interaction between beta-amyloid and fibrinogen.
Blood. 2016;128(8):1144-51

[46]Kellett KA, Hooper NM. Prion protein and Alzheimer disease. Prion. 2009;3(4):190-4
[47]Gadhave K, Bolshette N, Ahire A, Pardeshi R, Thakur K, Trandafir C, et al. The
ubiquitin proteasomal system: a potential target for the management of Alzheimer's disease.
Journal of cellular and molecular medicine. 2016;20(7):1392-407

[48]Gettins PG. Serpin structure, mechanism, and function. Chemical reviews.
2002;102(12):4751-804

[49]Yoshino Y, Mori T, Yoshida T, Yamazaki K, Ozaki Y, Sao T, et al. Elevated mMRNA
Expression and Low Methylation of SNCA in Japanese Alzheimer's Disease Subjects.
Journal of Alzheimer's disease : JAD. 2016;54(4):1349-57

[50]Rockenstein E, Hansen LA, Mallory M, Trojanowski JQ, Galasko D, Masliah E.
Altered expression of the synuclein family mMRNA in Lewy body and Alzheimer's disease.
Brain research. 2001;914(1-2):48-56

[51]Natunen T, Takalo M, Kemppainen S, Leskela S, Marttinen M, Kurkinen KMA, et al.
Relationship between ubiquilin-1 and BACE1 in human Alzheimer's disease and APdE9
transgenic mouse brain and cell-based models. Neurobiology of disease. 2016;85:187-205
[52]Kanekura K, Hashimoto Y, Niikura T, Aiso S, Matsuoka M, Nishimoto 1. Alsin, the
product of ALS2 gene, suppresses SOD1 mutant neurotoxicity through RhoGEF domain by
interacting with SOD1 mutants. The Journal of biological chemistry.
2004;279(18):19247-56

[53]Su JH, Zhao M, Anderson AJ, Srinivasan A, Cotman CW. Activated caspase-3
expression in Alzheimer's and aged control brain: correlation with Alzheimer pathology.
Brain research. 2001;898(2):350-7

[54]Chelikani P, Fita I, Loewen PC. Diversity of structures and properties among catalases.
Cellular and molecular life sciences : CMLS. 2004;61(2):192-208

[55]Liu SL, Wang C, Jiang T, Tan L, Xing A, Yu JT. The Role of Cdk5 in Alzheimer's
Disease. Molecular neurobiology. 2016;53(7):4328-42

[56] Ameziane-El-Hassani R, Talbot M, de Souza Dos Santos MC, Al Ghuzlan A, Hartl D,
Bidart JM, et al. NADPH oxidase DUOX1 promotes long-term persistence of oxidative
stress after an exposure to irradiation. Proceedings of the National Academy of Sciences of
the United States of America. 2015;112(16):5051-6

[57]Acharya KR, Ackerman SJ. Eosinophil granule proteins: form and function. The
Journal of biological chemistry. 2014;289(25):17406-15



[58]Kujoth GC, Hiona A, Pugh TD, Someya S, Panzer K, Wohlgemuth SE, et al.
Mitochondrial DNA mutations, oxidative stress, and apoptosis in mammalian aging.
Science. 2005;309(5733):481-4

[59]Newman JC, Bailey AD, Weiner AM. Cockayne syndrome group B protein (CSB)
plays a general role in chromatin maintenance and remodeling. Proceedings of the National
Academy of Sciences of the United States of America. 2006;103(25):9613-8

[60]Lu NN, Tan C, Sun NH, Shao LX, Liu XX, Gao YP, et al. Cholinergic
Grb2-Associated-Binding Protein 1 Regulates Cognitive Function. Cerebral cortex.
2017:1-14

[61]Brigelius-Flohe R, Maiorino M. Glutathione peroxidases. Biochimica et biophysica
acta. 2013;1830(5):3289-303

[62] Dinkova-Kostova AT, Talalay P. NAD(P)H:quinone acceptor oxidoreductase 1
(NQO1), a multifunctional antioxidant enzyme and exceptionally versatile cytoprotector.
Archives of biochemistry and biophysics. 2010;501(1):116-23

[63]Zheng JD, Hei AL, Zuo PP, Dong YL, Song XN, Takagi Y, et al. Age-related
alterations in the expression of MTH2 in the hippocampus of the SAMP8 mouse with
learning and memory deterioration. Journal of the neurological sciences.
2009;287(1-2):188-96

[64]Clements CM, McNally RS, Conti BJ, Mak TW, Ting JP. DJ-1, a cancer- and
Parkinson's disease-associated protein, stabilizes the antioxidant transcriptional master
regulator Nrf2. Proceedings of the National Academy of Sciences of the United States of
America. 2006;103(41):15091-6

[65]Karar J, Dolt KS, Mishra MK, Arif E, Javed S, Pasha MA. Expression and functional
activity of pro-oxidants and antioxidants in murine heart exposed to acute hypobaric
hypoxia. FEBS letters. 2007;581(24):4577-82

[66]Rhee SG, Chae HZ, Kim K. Peroxiredoxins: a historical overview and speculative
preview of novel mechanisms and emerging concepts in cell signaling. Free radical biology
& medicine. 2005;38(12):1543-52

[67]Murakami K, Murata N, Noda Y, Tahara S, Kaneko T, Kinoshita N, et al. SOD1
(copper/zinc superoxide dismutase) deficiency drives amyloid beta protein oligomerization
and memory loss in mouse model of Alzheimer disease. The Journal of biological
chemistry. 2011;286(52):44557-68

[68]Perrone L, Shai O, Nawroth PP, Bierhaus A. The Complexity of Sporadic Alzheimer's
Disease Pathogenesis: The Role of RAGE as Therapeutic Target to Promote
Neuroprotection by Inhibiting Neurovascular Dysfunction. International journal of
Alzheimer's disease. 2012;2012:734956

[69]Mustacich D, Powis G. Thioredoxin reductase. The Biochemical journal. 2000;346 Pt
1:1-8

[70]Boss O, Samec S, Paoloni-Giacobino A, Rossier C, Dulloo A, Seydoux J, et al.
Uncoupling protein-3: a new member of the mitochondrial carrier family with
tissue-specific expression. FEBS letters. 1997;408(1):39-42



[71]Ma SL, Tang NL, Lam LC. Association of gene expression and methylation of
UQCRC1 to the predisposition of Alzheimer's disease in a Chinese population. Journal of
psychiatric research. 2016;76:143-7

[72]Liang WS, Reiman EM, Valla J, Dunckley T, Beach TG, Grover A, et al. Alzheimer's
disease is associated with reduced expression of energy metabolism genes in posterior
cingulate neurons. Proceedings of the National Academy of Sciences of the United States
of America. 2008;105(11):4441-6

[73]Sugasawa K, Ng JM, Masutani C, Iwai S, van der Spek PJ, Eker AP, et al. Xeroderma
pigmentosum group C protein complex is the initiator of global genome nucleotide excision
repair. Molecular cell. 1998;2(2):223-32

[74]Dalle-Donne I, Giustarini D, Colombo R, Rossi R, Milzani A. Protein carbonylation in
human diseases. Trends in molecular medicine. 2003;9(4):169-76

[75]Koldamova R, Lefterov I. Role of LXR and ABCAL1 in the pathogenesis of Alzheimer's
disease - implications for a new therapeutic approach. Current Alzheimer research.
2007;4(2):171-8

[76]Shibuya Y, Chang CC, Chang TY. ACATL1/SOAT1 as a therapeutic target for
Alzheimer's disease. Future medicinal chemistry. 2015;7(18):2451-67

[77]Koldamova RP, Lefterov IM, Lefterova MI, Lazo JS. Apolipoprotein A-l directly
interacts with amyloid precursor protein and inhibits A beta aggregation and toxicity.
Biochemistry. 2001;40(12):3553-60

[78]Namba Y, Tomonaga M, Kawasaki H, Otomo E, lkeda K. Apolipoprotein E
immunoreactivity in cerebral amyloid deposits and neurofibrillary tangles in Alzheimer's
disease and kuru plague amyloid in Creutzfeldt-Jakob disease. Brain research.
1991;541(1):163-6

[79]Jones SE, Jomary C. Clusterin. The international journal of biochemistry & cell
biology. 2002;34(5):427-31

[80]Recuero M, Vicente MC, Martinez-Garcia A, Ramos MC, Carmona-Saez P, Sastre I, et
al. A free radical-generating system induces the cholesterol biosynthesis pathway: a role in
Alzheimer's disease. Aging cell. 2009;8(2):128-39

[81]Liu CC, Tsai CW, Deak F, Rogers J, Penuliar M, Sung YM, et al. Deficiency in
LRP6-mediated Wnt signaling contributes to synaptic abnormalities and amyloid pathology
in Alzheimer's disease. Neuron. 2014;84(1):63-77

[82]Gong H, Dong W, Rostad SW, Marcovina SM, Albers JJ, Brunzell JD, et al.
Lipoprotein lipase (LPL) is associated with neurite pathology and its levels are markedly
reduced in the dentate gyrus of Alzheimer's disease brains. The journal of histochemistry
and cytochemistry : official journal of the Histochemistry Society. 2013;61(12):857-68
[83]Alfonso SI, Callender JA, Hooli B, Antal CE, Mullin K, Sherman MA, et al.
Gain-of-function mutations in protein kinase Calpha (PKCalpha) may promote synaptic
defects in Alzheimer's disease. Science signaling. 2016;9(427):ra47

[84]Mellor H, Parker PJ. The extended protein kinase C superfamily. The Biochemical
journal. 1998;332 ( Pt 2):281-92



[85]Selbie LA, Schmitz-Peiffer C, Sheng Y, Biden TJ. Molecular cloning and
characterization of PKC iota, an atypical isoform of protein kinase C derived from
insulin-secreting cells. The Journal of biological chemistry. 1993;268(32):24296-302
[86]Hayashi K, Altman A. Protein kinase C theta (PKCtheta): a key player in T cell life
and death. Pharmacological research. 2007;55(6):537-44

[87]Lozano J, Berra E, Municio MM, Diaz-Meco MT, Dominguez I, Sanz L, et al. Protein
kinase C zeta isoform is critical for kappa B-dependent promoter activation by
sphingomyelinase. The Journal of biological chemistry. 1994;269(30):19200-2

[88] Dranovsky A, Vincent I, Gregori L, Schwarzman A, Colflesh D, Enghild J, et al. Cdc2
phosphorylation of nucleolin demarcates mitotic stages and Alzheimer's disease pathology.
Neurobiology of aging. 2001;22(4):517-28

[89]Xu PT, Li YJ, Qin XJ, Kroner C, Green-Odlum A, Xu H, et al. A SAGE study of
apolipoprotein E3/3, E3/4 and E4/4 allele-specific gene expression in hippocampus in
Alzheimer disease. Molecular and cellular neurosciences. 2007;36(3):313-31

[90] Vetter IR, Wittinghofer A. The guanine nucleotide-binding switch in three dimensions.
Science. 2001;294(5545):1299-304

[91]Liang WS, Dunckley T, Beach TG, Grover A, Mastroeni D, Ramsey K, et al. Altered
neuronal gene expression in brain regions differentially affected by Alzheimer's disease: a
reference data set. Physiological genomics. 2008;33(2):240-56

[92]1gbal K, Liu F, Gong CX, Grundke-Igbal I. Tau in Alzheimer disease and related
tauopathies. Current Alzheimer research. 2010;7(8):656-64

[93] Tucker HM, Kihiko M, Caldwell JN, Wright S, Kawarabayashi T, Price D, et al. The
plasmin system is induced by and degrades amyloid-beta aggregates. The Journal of
neuroscience : the official journal of the Society for Neuroscience. 2000;20(11):3937-46
[94]Wu W, Jiang H, Wang M, Zhang D. Meta-analysis of the association between
urokinase-plasminogen activator gene rs2227564 polymorphism and Alzheimer's disease.
American journal of Alzheimer's disease and other dementias. 2013;28(5):517-23
[95]Garcia-Ayllon MS, Small DH, Avila J, Saez-Valero J. Reuvisiting the Role of
Acetylcholinesterase in Alzheimer's Disease: Cross-Talk with P-tau and beta-Amyloid.
Frontiers in molecular neuroscience. 2011;4:22

[96]Darvesh S. Butyrylcholinesterase as a Diagnostic and Therapeutic Target for
Alzheimer's Disease. Current Alzheimer research. 2016;13(10):1173-7

[97]Bartus RT, Dean RL, 3rd, Beer B, Lippa AS. The cholinergic hypothesis of geriatric
memory dysfunction. Science. 1982;217(4558):408-14

[98] Aartsen WM, Kantardzhieva A, Klooster J, van Rossum AG, van de Pavert SA,
Versteeg I, et al. Mpp4 recruits Psd95 and Veli3 towards the photoreceptor synapse.
Human molecular genetics. 2006;15(8):1291-302

[99]Song JH, Yu JT, Tan L. Brain-Derived Neurotrophic Factor in Alzheimer's Disease:
Risk, Mechanisms, and Therapy. Molecular neurobiology. 2015;52(3):1477-93

[100] Carling D. The AMP-activated protein kinase cascade--a unifying system for
energy control. Trends in biochemical sciences. 2004;29(1):18-24



[101] Pedros I, Petrov D, Allgaier M, Sureda F, Barroso E, Beas-Zarate C, et al. Early
alterations in energy metabolism in the hippocampus of APPswe/PS1dE9 mouse model of
Alzheimer's disease. Biochimica et biophysica acta. 2014;1842(9):1556-66

[102] Xu X, Zhao J, Xu Z, Peng B, Huang Q, Arnold E, et al. Structures of human
cytosolic NADP-dependent isocitrate dehydrogenase reveal a novel self-regulatory
mechanism of activity. The Journal of biological chemistry. 2004;279(32):33946-57

[103] Rivera EJ, Goldin A, Fulmer N, Tavares R, Wands JR, de la Monte SM. Insulin
and insulin-like growth factor expression and function deteriorate with progression of
Alzheimer's disease: link to brain reductions in acetylcholine. Journal of Alzheimer's
disease : JAD. 2005;8(3):247-68

[104] van der Harg JM, van Heest JC, Bangel FN, Patiwael S, van Weering JR, Scheper
W. The UPR reduces glucose metabolism via IREL signaling. Biochimica et biophysica
acta. 2017;1864(4):655-65

[105] Tan ZS, Beiser A, Vasan RS, Au R, Auerbach S, Kiel DP, et al. Thyroid function
and the risk of Alzheimer disease: the Framingham Study. Archives of internal medicine.
2008;168(14):1514-20

[106] da Costa IB, de Labio RW, Rasmussen LT, Viani GA, Chen E, Villares J, et al.
Change in INSR, APBA2 and IDE Gene Expressions in Brains of Alzheimer's Disease
Patients. Current Alzheimer research. 2017;14(7):760-5

[107] Lu X, DengY, Yu D, Cao H, Wang L, Liu L, et al. Histone acetyltransferase p300
mediates histone acetylation of PS1 and BACEL in a cellular model of Alzheimer's disease.
PloS one. 2014;9(7):€103067

[108] Bardai FH, Price V, Zaayman M, Wang L, D'Mello SR. Histone deacetylase-1
(HDAC1) is a molecular switch between neuronal survival and death. The Journal of
biological chemistry. 2012;287(42):35444-53

[109] de la Monte SM, Ng SC, Hsu DW. Aberrant GAP-43 gene expression in
Alzheimer's disease. The American journal of pathology. 1995;147(4):934-46

[110] Beurel E, Grieco SF, Jope RS. Glycogen synthase kinase-3 (GSK3): regulation,
actions, and diseases. Pharmacology & therapeutics. 2015;148:114-31

[111] Varma VR, Varma S, An Y, Hohman TJ, Seddighi S, Casanova R, et al. Alpha-2
macroglobulin in” Alzheimer's disease: a marker of neuronal injury through the RCAN1
pathway. Molecular psychiatry. 2017;22(1):13-23

[112] Sheng JG, Mrak RE, Griffin WS. Microglial interleukin-1 alpha expression in
brain regions in Alzheimer's disease: correlation with neuritic plaque distribution.
Neuropathology and applied neurobiology. 1995;21(4):290-301

[113] Kajiwara Y, McKenzie A, Dorr N, Gama Sosa MA, Elder G, Schmeidler J, et al.
The human-specific CASP4 gene product contributes to Alzheimer-related synaptic and
behavioural deficits. Human molecular genetics. 2016;25(19):4315-27

[114] Green PS, Mendez AJ, Jacob JS, Crowley JR, Growdon W, Hyman BT, et al.
Neuronal expression of myeloperoxidase is increased in Alzheimer's disease. Journal of
neurochemistry. 2004;90(3):724-33

[115] Zhang YW, Thompson R, Zhang H, Xu H. APP processing in Alzheimer's disease.
Molecular brain. 2011;4:3



[116] Binder LI, Guillozet-Bongaarts AL, Garcia-Sierra F, Berry RW. Tau, tangles, and
Alzheimer's disease. Biochimica et biophysica acta. 2005;1739(2-3):216-23

[117] Tanzi RE, Moir RD, Wagner SL. Clearance of Alzheimer's Abeta peptide: the
many roads to perdition. Neuron. 2004;43(5):605-8

[118] Jiang T, Sun Q, Chen S. Oxidative stress: A major pathogenesis and potential
therapeutic target of antioxidative agents in Parkinson's disease and Alzheimer's disease.
Progress in neurobiology. 2016;147:1-19

[119] Wyss-Coray T, Rogers J. Inflammation in Alzheimer disease-a brief review of the
basic science and clinical literature. Cold Spring Harbor perspectives in medicine.
2012;2(1):a006346

[120] Walker DG, Lue LF, Beach TG. Gene expression profiling of amyloid beta
peptide-stimulated human post-mortem brain microglia.  Neurobiology of aging.
2001;22(6):957-66

[121] Grimm MOW, Michaelson DM, Hartmann T. Omega-3 fatty acids, lipids, and
apoE lipidation in Alzheimer's disease: a rationale for multi-nutrient dementia prevention.
Journal of lipid research. 2017;58(11):2083-101

[122] Allinquant B, Clamagirand C, Potier MC. Role of cholesterol metabolism in the
pathogenesis of Alzheimer's disease. Current opinion in clinical nutrition and metabolic
care. 2014;17(4):319-23

[123] Thathiah A, De Strooper B. The role of G protein-coupled receptors in the
pathology of Alzheimer's disease. Nature reviews Neuroscience. 2011;12(2):73-87

[124] Selkoe DJ. Alzheimer's disease: genes, proteins, and therapy. Physiological
reviews. 2001;81(2):741-66

[125] Butterfield DA, Di Domenico F, Barone E. Elevated risk of type 2 diabetes for
development of Alzheimer disease: a key role for oxidative stress in brain. Biochimica et
biophysica acta. 2014;1842(9):1693-706

[126] Rodriguez JJ, Verkhratsky A. Neurogenesis in Alzheimer's disease. Journal of
anatomy. 2011;219(1):78-89

[127] Theuns J, Van Broeckhoven C. Transcriptional regulation of Alzheimer's disease
genes: implications for susceptibility. Human molecular genetics. 2000;9(16):2383-94
[128] Grimm MO, Zimmer VC, Lehmann J, Grimm HS, Hartmann T. The impact of
cholesterol, DHA, and sphingolipids on Alzheimer's disease. BioMed research
international. 2013;2013:814390

[129] Grimm MO, Stahlmann CP, Mett J, Haupenthal VJ, Zimmer VC, Lehmann J, et al.
Vitamin E: Curse or Benefit in Alzheimer's Disease? A Systematic Investigation of the
Impact of alpha-, gamma- and delta-Tocopherol on Ass Generation and Degradation in
Neuroblastoma Cells. The journal of nutrition, health & aging. 2015;19(6):646-56

[130] Grimm MOW, Thiel A, Lauer AA, Winkler J, Lehmann J, Regner L, et al.
Vitamin D and Its Analogues Decrease Amyloid-beta (Abeta) Formation and Increase
Abeta-Degradation. International journal of molecular sciences. 2017;18(12)

[131] Fardellone P, Sebert JL, Garabedian M, Bellony R, Maamer M, Agbomson F, et al.
Prevalence and biological consequences of vitamin D deficiency in elderly institutionalized
subjects. Revue du rhumatisme. 1995;62(9):576-81



[132] Landel V, Annweiler C, Millet P, Morello M, Feron F. Vitamin D, Cognition and
Alzheimer's Disease: The Therapeutic Benefit is in the D-Tails. Journal of Alzheimer's
disease : JAD. 2016;53(2):419-44

[133] Gezen-Ak D, Dursun E, Bilgic B, Hanagasi H, Ertan T, Gurvit H, et al. Vitamin D
receptor gene haplotype is associated with late-onset Alzheimer's disease. The Tohoku
journal of experimental medicine. 2012;228(3):189-96

[134] Bonilla C, Ness AR, Wills AK, Lawlor DA, Lewis SJ, Davey Smith G. Skin
pigmentation, sun exposure and vitamin D levels in children of the Avon Longitudinal
Study of Parents and Children. BMC public health. 2014;14:597

[135] Pham TM, Petersen I, Walters K, Raine R, Manthorpe J, Mukadam N, et al.
Trends in dementia diagnosis rates in UK ethnic groups: analysis of UK primary care data.
Clinical epidemiology. 2018;10:949-60

[136] Russ TC, Murianni L, Icaza G, Slachevsky A, Starr JM. Geographical Variation in
Dementia Mortality in Italy, New Zealand, and Chile: The Impact of Latitude, Vitamin D,
and Air Pollution. Dementia and geriatric cognitive disorders. 2016;42(1-2):31-41

[137] Wang S, Wang R, Chen L, Bennett DA, Dickson DW, Wang DS. Expression and
functional profiling of neprilysin, insulin-degrading enzyme, and endothelin-converting
enzyme in prospectively studied elderly and Alzheimer's brain. Journal of neurochemistry.
2010;115(1):47-57

[138] Holsinger RM, McLean CA, Beyreuther K, Masters CL, Evin G. Increased
expression of the amyloid precursor beta-secretase in Alzheimer's disease. Annals of
neurology. 2002;51(6):783-6

[139] Hersh LB, Rodgers DW. Neprilysin and amyloid beta peptide degradation. Current
Alzheimer research. 2008;5(2):225-31

[140] Hickman SE, Allison EK, ElI Khoury J. Microglial dysfunction and defective
beta-amyloid clearance pathways in aging Alzheimer's disease mice. The Journal of
neuroscience : the official journal of the Society for Neuroscience. 2008;28(33):8354-60
[141] Zhang H, Liu D, Wang Y, Huang H, Zhao Y, Zhou H. Meta-analysis of expression
and function of neprilysin in Alzheimer's disease. Neuroscience letters. 2017;657:69-76
[142] de Vrij FM, Fischer DF, van Leeuwen FW, Hol EM. Protein quality control in
Alzheimer's disease by the ubiquitin proteasome system. Progress in neurobiology.
2004;74(5):249-70

[143] Morawe T, Hiebel C, Kern A, Behl C. Protein homeostasis, aging and Alzheimer's
disease. Molecular neurobiology. 2012;46(1):41-54

[144] Schubert D, Soucek T, Blouw B. The induction of HIF-1 reduces astrocyte
activation by amyloid beta peptide. The European journal of neuroscience.
2009;29(7):1323-34

[145] Keck S, Nitsch R, Grune T, Ullrich O. Proteasome inhibition by paired helical
filament-tau in brains of patients with Alzheimer's disease. Journal of neurochemistry.
2003;85(1):115-22

[146] Keller JN, Hanni KB, Markesbery WR. Impaired proteasome function in
Alzheimer's disease. Journal of neurochemistry. 2000;75(1):436-9



[147] Almeida CG, Takahashi RH, Gouras GK. Beta-amyloid accumulation impairs
multivesicular body sorting by inhibiting the ubiquitin-proteasome system. The Journal of
neuroscience : the official journal of the Society for Neuroscience. 2006;26(16):4277-88
[148] Oh S, Hong HS, Hwang E, Sim HJ, Lee W, Shin SJ, et al. Amyloid peptide
attenuates the proteasome activity in neuronal cells. Mechanisms of ageing and
development. 2005;126(12):1292-9

[149] Tseng BP, Green KN, Chan JL, Blurton-Jones M, LaFerla FM. Abeta inhibits the
proteasome and enhances amyloid and tau accumulation. Neurobiology of aging.
2008;29(11):1607-18

[150] Orre M, Kamphuis W, Dooves S, Kooijman L, Chan ET, Kirk CJ, et al. Reactive
glia show increased immunoproteasome activity in Alzheimer's disease. Brain : a journal of
neurology. 2013;136(Pt 5):1415-31

[151] Ueda K, Fukushima H, Masliah E, Xia Y, Iwai A, Yoshimoto M, et al. Molecular
cloning of cDNA encoding an unrecognized component of amyloid in Alzheimer disease.
Proceedings of the National Academy of Sciences of the United States of America.
1993;90(23):11282-6

[152] Iwai A, Masliah E, Yoshimoto M, Ge N, Flanagan L, de Silva HA, et al. The
precursor protein of non-A beta component of Alzheimer's disease amyloid is a presynaptic
protein of the central nervous system. Neuron. 1995;14(2):467-75

[153] Takeda A, Mallory M, Sundsmo M, Honer W, Hansen L, Masliah E. Abnormal
accumulation of NACP/alpha-synuclein in neurodegenerative disorders. The American
journal of pathology. 1998;152(2):367-72

[154] Jensen PH, Hojrup P, Hager H, Nielsen MS, Jacobsen L, Olesen OF, et al. Binding
of Abeta to alpha- and beta-synucleins: identification of segments in alpha-synuclein/NAC
precursor that bind Abeta and NAC. The Biochemical journal. 1997;323 ( Pt 2):539-46
[155] Tsigelny IF, Crews L, Desplats P, Shaked GM, Sharikov Y, Mizuno H, et al.
Mechanisms of hybrid oligomer formation in the pathogenesis of combined Alzheimer's
and Parkinson's diseases. PloS one. 2008;3(9):e3135

[156] Lashuel HA, Overk CR, Oueslati A, Masliah E. The many faces of
alpha-synuclein: from structure and toxicity to therapeutic target. Nature reviews
Neuroscience. 2013;14(1):38-48

[157] Markesbery WR. Oxidative stress hypothesis in Alzheimer's disease. Free radical
biology & medicine. 1997;23(1):134-47

[158] Cai Z, Zhao B, Ratka A. Oxidative stress and beta-amyloid protein in Alzheimer's
disease. Neuromolecular medicine. 2011;13(4):223-50

[159] Shendelman S, Jonason A, Martinat C, Leete T, Abeliovich A. DJ-1 is a
redox-dependent molecular chaperone that inhibits alpha-synuclein aggregate formation.
PLoS biology. 2004;2(11):e362

[160] Baulac S, Lu H, Strahle J, Yang T, Goldberg MS, Shen J, et al. Increased DJ-1
expression under oxidative stress and in Alzheimer's disease brains. Molecular
neurodegeneration. 2009;4:12



[161] Dursun E, Gezen-Ak D, Yilmazer S. A new mechanism for amyloid-beta induction
of INOS: vitamin D-VDR pathway disruption. Journal of Alzheimer's disease : JAD.
2013;36(3):459-74

[162] Bolos M, Perea JR, Avila J. Alzheimer's disease as an inflammatory disease.
Biomolecular concepts. 2017;8(1):37-43

[163] Hitomi J, Katayama T, Eguchi Y, Kudo T, Taniguchi M, Koyama Y, et al.
Involvement of caspase-4 in endoplasmic reticulum stress-induced apoptosis and
Abeta-induced cell death. The Journal of cell biology. 2004;165(3):347-56

[164] Mizwicki MT, Liu G, Fiala M, Magpantay L, Sayre J, Siani A, et al.
lalpha,25-dihydroxyvitamin D3 and resolvin D1 retune the balance between amyloid-beta
phagocytosis and inflammation in Alzheimer's disease patients. Journal of Alzheimer's
disease : JAD. 2013;34(1):155-70

[165] Grimm MO, Kuchenbecker J, Grosgen S, Burg VK, Hundsdorfer B, Rothhaar TL,
et al. Docosahexaenoic acid reduces amyloid beta production via multiple pleiotropic
mechanisms. The Journal of biological chemistry. 2011;286(16):14028-39

[166] Holmes O, Paturi S, Ye W, Wolfe MS, Selkoe DJ. Effects of membrane lipids on
the activity and processivity of purified gamma-secretase. Biochemistry.
2012;51(17):3565-75

[167] Simons M, Keller P, De Strooper B, Beyreuther K, Dotti CG, Simons K.
Cholesterol depletion inhibits the generation of beta-amyloid in hippocampal neurons.
Proceedings of the National Academy of Sciences of the United States of America.
1998;95(11):6460-4

[168] He X, Huang Y, Li B, Gong CX, Schuchman EH. Deregulation of sphingolipid
metabolism in Alzheimer's disease. Neurobiology of aging. 2010;31(3):398-408

[169] Soderberg M, Edlund C, Alafuzoff I, Kristensson K, Dallner G. Lipid composition
in different regions of the brain in Alzheimer's disease/senile dementia of Alzheimer's type.
Journal of neurochemistry. 1992;59(5):1646-53

[170] Katsel P, Li C, Haroutunian V. Gene expression alterations in the sphingolipid
metabolism pathways during progression of dementia and Alzheimer's disease: a shift
toward ceramide accumulation at the earliest recognizable stages of Alzheimer's disease?
Neurochemical research. 2007;32(4-5):845-56

[171] Cutler RG, Kelly J, Storie K, Pedersen WA, Tammara A, Hatanpaa K, et al.
Involvement of oxidative stress-induced abnormalities in ceramide and cholesterol
metabolism in brain aging and Alzheimer's disease. Proceedings of the National Academy
of Sciences of the United States of America. 2004;101(7):2070-5

[172] Molander-Melin M, Blennow K, Bogdanovic N, Dellheden B, Mansson JE,
Fredman P. Structural membrane alterations in Alzheimer brains found to be associated
with regional disease development; increased density of gangliosides GM1 and GM2 and
loss of cholesterol in detergent-resistant membrane domains. Journal of neurochemistry.
2005;92(1):171-82

[173] Grimm MO, Grosgen S, Riemenschneider M, Tanila H, Grimm HS, Hartmann T.
From bDbrain to food: analysis of phosphatidylcholins, lyso-phosphatidylcholins and
phosphatidylcholin-plasmalogens derivates in Alzheimer's disease human post mortem



brains and mice model via mass spectrometry. Journal of chromatography A.
2011;1218(42):7713-22

[174] Han X, D MH, McKeel DW, Jr., Kelley J, Morris JC. Substantial sulfatide
deficiency and ceramide elevation in very early Alzheimer's disease: potential role in
disease pathogenesis. Journal of neurochemistry. 2002;82(4):809-18

[175] Schmitz G, Langmann T. Structure, function and regulation of the ABC1 gene
product. Current opinion in lipidology. 2001;12(2):129-40

[176] Kim WS, Bhatia S, Elliott DA, Agholme L, Kagedal K, McCann H, et al.
Increased ATP-binding cassette transporter Al expression in Alzheimer's disease
hippocampal neurons. Journal of Alzheimer's disease : JAD. 2010;21(1):193-205

[177] Grimm MO, Grimm HS, Tomic |, Beyreuther K, Hartmann T, Bergmann C.
Independent inhibition of Alzheimer disease beta- and gamma-secretase cleavage by
lowered cholesterol levels. The Journal of biological chemistry. 2008;283(17):11302-11
[178] Fassbender K, Simons M, Bergmann C, Stroick M, Lutjohann D, Keller P, et al.
Simvastatin strongly reduces levels of Alzheimer's disease beta -amyloid peptides Abeta 42
and Abeta 40 in vitro and in vivo. Proceedings of the National Academy of Sciences of the
United States of America. 2001;98(10):5856-61

[179] Burg VK, Grimm HS, Rothhaar TL, Grosgen S, Hundsdorfer B, Haupenthal VJ, et
al. Plant sterols the better cholesterol in Alzheimer's disease? A mechanistical study. The
Journal of neuroscience : the official journal of the Society for Neuroscience.
2013;33(41):16072-87

[180] Refolo LM, Pappolla MA, LaFrancois J, Malester B, Schmidt SD, Thomas-Bryant
T, et al. A cholesterol-lowering drug reduces beta-amyloid pathology in a transgenic mouse
model of Alzheimer's disease. Neurobiology of disease. 2001;8(5):890-9

[181] McCudden CR, Hains MD, Kimple RJ, Siderovski DP, Willard FS. G-protein
signaling: back to the future. Cellular and molecular life sciences : CMLS.
2005;62(5):551-77

[182] Franco R, Martinez-Pinilla E, Navarro G, Zamarbide M. Potential of GPCRs to
modulate MAPK and mTOR pathways in Alzheimer's disease. Progress in neurobiology.
2017;149-150:21-38

[183] Huang Y, Todd N, Thathiah A. The role of GPCRs in neurodegenerative diseases:
avenues for therapeutic intervention. Current opinion in pharmacology. 2017;32:96-110
[184] Haughey NJ, Liu D, Nath A, Borchard AC, Mattson MP. Disruption of
neurogenesis in the subventricular zone of adult mice, and in human cortical neuronal
precursor cells in culture, by amyloid beta-peptide: implications for the pathogenesis of
Alzheimer's disease. Neuromolecular medicine. 2002;1(2):125-35

[185] Sappino AP, Madani R, Huarte J, Belin D, Kiss JZ, Wohlwend A, et al.
Extracellular proteolysis in the adult murine brain. The Journal of clinical investigation.
1993;92(2):679-85

[186] wvan der Schaft J, Koek HL, Dijkstra E, Verhaar HJ, van der Schouw YT,
Emmelot-Vonk MH. The association between vitamin D and cognition: a systematic
review. Ageing research reviews. 2013;12(4):1013-23



[187] Etgen T, Sander D, Bickel H, Sander K, Forstl H. Vitamin D deficiency, cognitive
impairment and dementia: a systematic review and meta-analysis. Dementia and geriatric
cognitive disorders. 2012;33(5):297-305

[188] Dickens AP, Lang IA, Langa KM, Kos K, Llewellyn DJ. Vitamin D, cognitive
dysfunction and dementia in older adults. CNS drugs. 2011;25(8):629-39

[189] Lemire P, Brangier A, Beaudenon M, Duval GT, Annweiler C. Cognitive changes
under memantine according to vitamin D status in Alzheimer patients: An
exposed/unexposed cohort pilot study. The Journal of steroid biochemistry and molecular
biology. 2018;175:151-6



Figure caption

Figure 1. Schematic overview of the study.

Figure 2. Box plots resulting from expression analysis of Abcal, Acatl, Apbal,
Casp4, Ep300, Gnb5, Nep, Park7, Plat, Psmb5 and Snca in hypovitaminosis D
mouse brain samples.

Figure 3. Overlap of genes and pathways affected by both, AD and mild to moderate
vitamin D hypovitaminosis. All genes were significantly altered (p < 0.05) beside
Abcal which has slightly failed to reach a significant level (p = 0.078).
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