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Abstract

In addition to its function in calcium and bone metabolism, vitamin D is neuroprotective and 

important for mitigating inflammation. Alzheimer’s disease (AD) is a progressive 

neurodegenerative disorder of the central nervous system, characterized by neuronal loss in many 

areas of the brain, and the formation of senile (neuritic) plaques, which increase in number and 

size over time. The goal of this project was to investigate whether vitamin D3 supplementation 

would affect amyloid plaque formation in amyloid-β protein precursor (AβPP) transgenic mice 

that spontaneously develop amyloid plaques within 3–4 months of birth. AβPP mice were fed 

control, vitamin D3-deficient or vitamin D3-enriched diets for five months, starting immediately 

after weaning. At the end of the study, the animals were subjected to behavioral studies, sacrificed, 

and examined for bone changes and brain amyloid load, amyloid-β (Aβ) peptide levels, 

inflammatory changes, and nerve growth factor (NGF) content. The results obtained indicate that a 

vitamin D3-enriched diet correlates with a decrease in the number of amyloid plaques, a decrease 

in Aβ peptides, a decrease in inflammation, and an increase in NGF in the brains of AβPP mice. 

These observations suggest that a vitamin D3-enriched diet may benefit AD patients.
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INTRODUCTION

Alzheimer’s disease (AD) affects over five million patients in the United States alone and is 

the most common form of senile dementia associated with memory loss and failure of 

executive function to the point of becoming highly dependent on expensive and intensive 

care [1]. AD is characterized by the aggregation of amyloid-β (Aβ) peptide into neuritic 

plaques and hyperphosphorylated tau protein accumulating into neurofibrillary tangles 
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(NFTs) [2]. Aβ is generated from the sequential cleavage of the amyloid-β protein precursor 

(AβPP) resulting in Aβ40 and Aβ42, which give rise to aggregated fibrils and plaques [3,4]. 

Aβ is known to be neurotoxic and is thought to play a major role in the pathogenesis of AD 

and accumulates as a result of either decreased turnover and/or increased production [5, 6]. 

Thus the reduction in Aβ levels has been the major therapeutic goal for drug development 

against AD [7, 8]. Understanding the mechanisms and developing potential therapeutics will 

help to reduce the detrimental effects of AD.

Cholecalciferol (Vitamin D3) is produced in the skin from 7-dehydrocholesterol (7-DHC) [9, 

10]. Exposure of skin to sunlight in the ultraviolet B (UVB) range of the spectrum (290 to 

315 nm) results in the photolytic conversion of 7-DHC to previtamin D3, which is 

transformed to vitamin D3 by spontaneous isomerization [10]. Vitamin D3 can be obtained 

from the diet (e.g., vitamin D3-fortified milk); however, its doses are much lower than 

synthesis and are poorly bioavailable. Vitamin D3 enters the circulation and travels to the 

liver where it is hydroxylated at position 25 to form 25-hydroxyvitamin D3 [25(OH)D3]. 

This molecule is further modified in the kidney by the addition of a second hydroxyl (-OH) 

group at position 1, thereby forming 1,25-dihydroxyvitamin D3 [1,25(OH)2D3] [11]. This is 

the active, hormonal, and most potent form of vitamin D, which is also known as 

“calcitriol”. The activity of vitamin D in bone mineralization is the result of its role in 

promoting calcium and phosphorus absorption in the intestine [12]. Vitamin D has also a 

role in maintaining optimal levels of calcium in the blood and, when the calcium intake is 

not sufficient, vitamin D will mobilize calcium from the bones to reestablish its optimal 

circulating level [13]. The kidney is the only organ with endocrine function that can release 

1,25(OH)2D3 into the bloodstream, thereby controlling the plasma levels of calcium and 

phosphorus [14, 15].

This research effort stemmed from the accumulation of scientific evidence demonstrating 

that vitamin D, in addition to its well-established role in the regulation of calcium levels in 

the blood and in bone formation, has additional and, possibly, more important functions, 

such as ensuring immune homeostasis (i.e., controlling the inflammatory response), and 

promoting the production of neuroprotective factors like nerve growth factor (NGF) [16, 17]. 

Calcitriol can inhibit NF-κB, a major transcription factor that induces the production of 

inflammatory mediators and cytokines [17, 18]. Cytokines are small proteins produced by 

cells of the immune system, such as macrophages, and their counterparts in the brain, 

microglia [19]. Chronic inflammation is particularly important in long-term processes, such 

as neurodegenerative diseases, that over time affect cognition. Calcitriol also antagonizes the 

key proinflammatory cytokine IL-1, which is thought to mediate negative behavioral effects 

such as the so-called “sickness behavior” [20]. Furthermore, oral treatment with 25(OH)D3 

reduced production of IL-1 in the rat hippocampus [21].

The observation of widespread vitamin D deficiency in AD patients hosted in nursing homes 

[22], coupled with the evidence that higher levels of circulating 25(OH)D3 appear to be 

associated with better cognitive test performance in AD patients [23], prompted the 

investigation of what effects, if any, a vitamin D-enriched diet would have on genetically 

modified AβPP mice predisposed to show AD-like pathology and symptoms over time. 

Although AβPP mice do not develop the full spectrum of the disease, such as significant 
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neuronal loss and NFT formation (deposition of hyperphosphorylated tau protein), they 

represent a widely used animal model for AD, especially to evaluate potential therapeutic 

interventions to lower Aβ peptide levels in the brain.

We report that feeding transgenic mice expressing familial AD (FAD) mutant AβPP and 

presenilin 1 (PS1) cDNAs (AβPP-PS1) with a vitamin D3-enriched diet for five months 

significantly decreases the number of amyloid plaques, levels of Aβ peptides, and increases 

NGF in their brains, compared to AβPP-PS1 mice fed a vitamin D3-deficient diet.

MATERIALS AND METHODS

Mice

All animal experimentation was conducted with the permission of the Institutional Animal 

Care and Use Committee, and according to institutional guidelines. Male AβPP-PS1 

transgenic mice were bred in the Medical University of South Carolina Animal Facility. 

These mice express the mutant form of human PS1(DeltaE9) and the mutant chimerical 

mouse/human AβPP695 cDNA [21]. The DeltaE9 mutation of the human PS1 gene is a 

deletion of exon-9, linked to early-onset FAD. AβPP-PS1 mice start developing amyloid 

plaques around 3–4 months of age. Animals were housed under a 12 : 12 light/dark cycle in 

standard non-sterile rodent micro-isolator cages, with filtered cage tops (four mice to a 

cage). Mice were weaned at 3–4 weeks of age and fed identical diets, except for the presence 

or absence of vitamin D3 supplement [Harlan TD.98107 (control diet, 2.4 IU/g vitamin D), 

Harlan TD.98108 (Surplus Vitamin D Diet; VD, ~12 IU/g vitamin D) or Harlan TD.98109 

(Vitamin D deficient Diet; VDD, 0 IU/g vitamin D), respectively]. About 1 week after 

weaning, mice were genotyped: transgenic animals were identified by polymerase-chain 

reaction (PCR) analysis using appropriate primers to amplify a specific segment of the 

AβPP gene. Mice were monitored for 5 months after weaning. Before euthanasia, mice were 

trained in the Morris water maze for four days and tested on the last day. Mice were 

euthanized at six months of age, immediately after the completion of the water maze.

Brain tissue preparations

The brain tissues of the mice were prepared soon after euthanasia in a two-day-long process. 

Specifically, mice were euthanized by exposure to a saturated atmosphere of isoflurane. 

Immediately after death, the brain of each animal was isolated. Half of the brain was 

removed and placed in 4% paraformaldehyde overnight; the other half was frozen 

immediately and stored at −80°C for later measurements of the Aβ peptide levels (see 

below). The hemi-brains fixed in 4% paraformaldehyde were processed and embedded in 

paraffin. Ten serial 30 µm-thick sections through the brain were obtained using a microtome. 

Cryosections of the brain hemispheres were washed three times (5 min/wash) with Tris-

buffered saline (TBS) (pH 7.4) buffer, followed by washing once with 0.1% Triton X-100-

TBS buffer for 5 min. Sections were then incubated in 3% H2O2 and TBS buffer for 30 min 

at room temperature to eliminate endogenous peroxidase activity. After 1 h of blocking with 

5.0% serum (horse or goat), the sections were incubated overnight with the following 

primary antibodies: GFAP (1 : 200 dilution, 2E1; BD Biosciences, San Jose, CA) to detect 

astrocytes and Aβ (1 : 500 dilution, Aβ peptide antibody, 4 G8, Covance, Princeton, NJ) to 
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detect amyloid deposits. The next day, sections were washed three times (5 min/wash) with 

0.1% Triton X-100 and TBS buffer to remove excess primary antibody. Thereafter, primary 

antibodies were detected using horseradish peroxidase-conjugated IgG Vectastain ABC kit 

and DAB/substrate reagents (Vector Laboratories, Burlingame, CA) according to the 

manufacturer’s instructions. The reactions were stopped in water and coverslip mounted 

after treatment with xylene. Thioflavin S staining was carried out as described previously 

[24].

Slides with tissue samples were examined soon after they were ready for microscopic 

examination and the number of plaques was counted in each section. The results were 

expressed as the mean ± standard deviation (SD), and any significance of differences was 

assessed by the Student’s t-test.

Plaque counts and amyloid load determination

Plaques were measured by counting the number of plaques in each section. The amyloid 

area in each section was determined with a computer-assisted image analysis system, 

consisting of a Power Macintosh computer equipped with a Quick Capture frame grabber 

card, Hitachi CCD camera mounted on an Olympus microscope and camera stand. NIH 

Image Analysis Software v. 1.55 was used. The images were captured and the total area of 

amyloid was determined over the ten sections. A single operator blinded to treatment status 

performed all measurements. Summing the amyloid volumes of the sections and dividing by 

the total number of sections calculated the amyloid volume per animal.

Measurement of Aβ peptides, NGF and TNF-α in brain tissue

For quantitative analysis of Aβ peptides in the brain, an enzyme-linked immunosorbent 

assay (ELISA) was used to measure the levels of human Aβ40 and Aβ42 [Immuno-

Biological Laboratories-America (IBL, catalog # 27718 for 1–40 and 27711 for 1–42)]. 

Aβ40 and Aβ42 were extracted from mouse brains as follows: frozen hemi-brains were 

placed in Tissue Homogenization Buffer containing Protease Inhibitor Cocktail (PIC, 

Sigma) 1 : 1000 dilution immediately before use, and homogenized using polytron. Tissue 

sample suspensions were distributed in aliquots and snap frozen in liquid nitrogen for later 

measurements of Aβ peptides. Content of NGF and tumor necrosis factor-α (TNF-α) in 

brain tissue was measured using the Chemikine NGF ELISA kit (Millipore) and 

Ebiosciences (San Diego, CA, USA), respectively, according to the manufacturer’s 

directions. For Aβ determination, samples were extracted in guanidine-HCL [24].

CTFβ and sAβPPα analyses

Western blot assays measured CTFβ and sAβPPα as previously described with the same 

amounts of protein in each lane [25]. CTFβ was determined in the pellet fraction from the 

brain extract (antibody 8717, Sigma). In addition, sAβPPα was assessed in the supernatant 

fraction from the brain extract (antibody 6E10, Signet Laboratories). Relative amounts of 

CTFβ and sAβPPα were measured by densitometry and results were expressed as 

percentage of the mean CTFβ and sAβPPα compared to the control group. As control, β-

actin western blots (anti-β-actin from Cell Signaling Technology) monitored equal loading 

of the same amounts of samples (20 µg protein) in gel lanes.
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Behavioral test

Morris water maze tests were conducted in a circular tank of 1.5 meters in diameter located 

in a room with extra maze cues. The platform (14 cm in diameter) location was kept 

constant for each mouse during training and was 1.5 cm beneath the surface of the water, 

which was maintained at 25°C throughout the duration of the testing. During 5 days of 

training, the mice underwent 4 trials a day, alternating among 4 pseudorandom starting 

points. If a mouse failed to find the platform within 60 s, it was guided to the platform by the 

researcher and kept there for 20 s. The inter-trial interval was 25 s, during which time each 

mouse was returned to its home cage. Probe trials were conducted 24 h after the last training 

trial. During the probe trials, the platform was removed and mice were free to swim in the 

tank for 60 s. The training and probe trials were recorded by a video camera mounted on the 

ceiling, and data were analyzed using the SMART Video tracking system (San Diego 

Instruments).

Bone studies

After euthanasia, the carcasses of representative mice were used for evaluation of changes in 

the bone by bone histology and bone mineral density (BMD) analyses. These studies were 

performed to verify that the special diets performed as expected. Bone specimens were fixed 

in 70% ethanol in phosphate-buffered saline overnight, and embedded in methyl 

methacrylate the following day. After several days, 7 µm-thick sections of the bone tissues 

were obtained using a modified Leica RM 2155 rotary microtome (Leica Microsystems, 

Ontario, Canada). Sections were subject to Goldner’s trichrome stain to identify mineralized 

bone, non-mineralized matrix or osteoid, and growth plate cartilage. BMD measurements 

(expressed as grams/cm2), and bone mineral content (expressed in mg) were obtained from 

whole animal carcasses by means of dual-energy X-ray absorptiometry (DEXA) scan. 

DEXA scans were performed using the GE Lunar Prodigy, Direct-Digital Densitometry, 

which includes normative software data.

Circulating vitamin D

Samples of blood were obtained from representative mice immediately after euthanasia and 

serum levels of circulating 25(OH)D3 were measured by radioimmunoassay, using a 

DiaSorin kit. These measurements were performed in the laboratory of Dr. Bruce Hollis 

(MUSC).

Statistical analysis

All values are expressed as means ± SD. Statistical analysis was performed with the analysis 

of variance (ANOVA) followed by Scheffe’s post hoc test. Significance level was set at p < 

0.05.

RESULTS

Vitamin D levels and bone studies

Immediately after euthanasia, blood was collected from representative mice to measure 

serum levels of circulating vitamin D (25(OH)D3). In addition, two each of deficient and 
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vitamin D-treated mice were analyzed for BMD as shown in Fig. 1. The results show that 

the levels of circulating vitamin D were much higher in mice fed the vitamin D-enriched diet 

(38.53 ± 7.419 ng/ml) than those fed the control diet (21.98 ± 2.109 ng/ml) or the vitamin 

D-deficient diet (0.9714 ± 0.7053 ng/ml). It is worth noting that the lowest value of 

circulating 25(OH)D3 observed in mice fed the vitamin D enriched diet was 22.9 ng/mL of 

serum, while the highest value observed in mice fed a vitamin D-deficient diet was 5.1 

ng/mL of serum, indicating that the special diets were generating the expected values of 

circulating vitamin D. Consistent with these results, it was also observed that the BMD of 

mice fed the vitamin-enriched diet was 27% and 14% higher than that of mice fed the 

vitamin D-deficient diet or wildtype mice, respectively (5.9 ± 0.30 mg/cm2 vs. 4.3 ± 0.20 

mg/cm2 vs. 5.1 ± 0.21 mg/cm2) (n = 6/group).

Bone specimens from the spine, femur, and tibia of select mice fed either the vitamin D-

enriched or vitamin D-deficient diet were subjected to histological examination to 

investigate the effects of vitamin D deficiency on the microscopic structure of bone. Figure 2 

shows the histology of the femur from a mouse fed a vitamin D-enriched diet (left panels) 

compared to the femur from a mouse fed a vitamin D-deficient diet (right panels). These 

histological results clearly demonstrate that the bone of the mouse fed a vitamin D-deficient 

diet had extensive sections of non-mineralized tissue or osteoid, demonstrating that vitamin 

D deficiency leads to a dramatic deficiency of calcium content in bones and supporting the 

conclusion vitamin D is crucial for the absorption of dietary calcium. In contrast, the bone 

from the mouse fed the vitamin D-enriched diet appeared very well calcified, with little 

evidence of non-calcified osteoid.

Behavioral studies (water maze)

The Morris water maze was used to train and test the mice on the last week before 

euthanasia. We measured four parameters that correlate with memory retention (latency to 

cross platform, number of platform crosses, time spent in quadrant with target and the 

escape latency) and were recorded at the time of testing. Figure 3 illustrates the changes in 

behavior in mice treated with either the VDD or the VD diet. The mice on the vitamin D-

enriched diet showed a significant difference in behavior compared to mice fed the vitamin 

D-deficient diet and the control diet. The mice on the vitamin D-enriched diet showed a 

decreased latency time to cross the platform (Fig. 3A. 21.6 ± 4.483 vs. 43.7 ± 4.287 vs. 37.0 

± 3.360s), increased number of platform crosses (Fig. 3B. 4.4 ± 0.5416 vs. 1.0 ± 0.3333 vs. 

2.0 ± 0.3651), increased time spent in the quadrant with the target platform (Fig. 3C. 14.8 

± 1.191 vs. 6.1 ± 0.8876 vs. 9.6 ± 0.9214 s) and a decreased escape latency time to get to the 

platform with days 4 and 5 showing a significant difference (Fig. 3D).

Studies on amyloid deposition in the brain of AβPP mice

Brain sections of AβPP mice fed either a vitamin D-deficient diet (VDD) or a vitamin D-

enriched diet (VD) were prepared immediately after euthanasia. Sections were fixed and 

stained to identify amyloid plaques.

Figure 4 shows that the number and the size of the amyloid plaques in the brain of VD 

treated mice are decreased. Figure 4A – D illustrates the changes in amyloid plaque load and 
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size by immunohistochemical analysis in the cortex (A and B) and the hippocampus (C and 

D). As indicated in Fig. 4J, not only is the number of plaques reduced in the VD treated 

animals, but also the sizes of the plaques are significantly smaller (Fig. 4I). Finally, we 

performed thioflavin S staining of the plaques in the brains of the mice. Both cortex (Fig. 4E 

– H) and hippocampus (not shown) show significant reductions in thioflavin S positive 

staining in the VD treated animals compared to VDD.

Plaques were counted under a microscope and the numbers added to calculate the total of 

plaques per brain hemisphere (Fig. 4J ). As seen in the table, the total number of plaques in 

the VD animals (791 ± 51) compared to the VDD mice (1154 ± 95; p = 0.0024) and control 

diet mice (995 ± 59; p < 0.01) showed a significant difference. The results of these studies 

suggest that a diet enriched in vitamin D3 (such as can be achieved through appropriate 

vitamin D3 supplementation), may interfere with the factors involved in Aβ deposition and 

subsequent plaque formation, therefore mitigating the pathological manifestations of AD.

The results of the studies summarized in Fig. 4 suggested that the brain load of Aβ peptides 

(Aβ40 and Aβ42) in AβPP mice fed a vitamin D-enriched diet would be lower than the 

corresponding load of Aβ peptides in AβPP mice fed a vitamin D-deficient diet. Therefore, 

we measured the concentration of Aβ40 and Aβ42 in brain tissue extracts of AβPP mice fed 

either of the two diets for five months. Figure 5 shows the Aβ peptide determinations in the 

brains of the mice. As seen in the figure, both Aβ40 and Aβ42 are significantly decreased in 

the brains of the mice treated with vitamin D and vitamin D deficient or control mice (Aβ40 

- 5.35 ± 1.190 vs. 13.11 ± 2.152 vs. 9.96 ± 1.292 pg/ml; Aβ42 - 2.89 ± 0.5805 vs. 6.84 

± 1.144 vs. 5.52 ± 0.8370 pg/ml).

VD animals also had a reduction in brain CTFβ (Fig. 6A). The mean CTFβ levels were 

significantly lower (~50%) than in the control animals and the VDD animals. These data are 

also consistent with vitamin D mediating a reduction in β-secretase activity because CTFβ is 

the cleavage product of β-secreatase. Mice treated with a vitamin D-enriched diet showed an 

increase in brain sAβPPα (Fig. 6B). The mean sAβPPα levels were significantly higher in 

the VD animals (~130%) than the control animals or the VDD animals. These data also 

support the hypothesis that vitamin D is mediating a reduction in β-secretase activity 

because sAβPPα is derived from AβPPα-secretase cleavage, which competes with β-

secretase cleavage of AβPP, and thus the inhibition of β-secretase activity provides more 

AβPP for α-secretase to produce more sAβPPα.

Trophic factor and inflammation

We also measured the concentration of inflammatory markers and trophic factors to 

determine the influence of vitamin D on inflammation and trophic factor stimulation. Figure 

7 shows the results of ELISA measurement of TNF-α levels at the end of the experiment. 

VD animals had significantly lower levels of TNF-α compared to VDD and control diet 

animals (37.59 ± 6.088 vs. 4.840 ± 1.529 vs. 27.57 ± 4.005 ng/g), suggesting that vitamin D, 

by reducing Aβ peptide levels, can alter the inflammatory nature of AD. Interestingly, 

immunocytochemical analysis of glial fibrillary acidic protein (GFAP) in the brains of the 

mice (Fig. 8), showed a significantly higher number of activated astrocytes in VD animals 
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compared to VDD and control diet animals (1296 ± 180.3 vs. 630.6 ± 119.0 vs. 865.0 

± 106.9).

Finally, we determined the levels of NGF in brain tissue extracts from the AβPP mice fed 

the two different diets (Fig. 9). We observed that AβPP mice fed a vitamin D-enriched diet 

had a significantly higher concentration of NGF in the brain than AβPP mice fed a vitamin 

D-deficient diet and control diet (40.55 ± 4.687 vs. 11.13 ± 1.781 vs. 19.42 ± 2.968 pg/mg). 

We found that the vitamin D-enriched diet correlated with an almost four-fold increase of 

NGF content in the brain, and that the increase was highly significant (p < 0.0001).

DISCUSSION

New functions for vitamin D have been identified following the discovery of the vitamin D 

receptor (VDR), as it became clear that a large number of cell types, which had nothing to 

do with bone mineralization, express VDR [26]. The parathyroid gland, islet cells of the 

pancreas, bone marrow cells (lymphocytes and macrophages), and certain cells in the central 

nervous system (CNS) all express VDR, raising the possibility that the functions of vitamin 

D are much broader than previously assumed [27, 28]. The VDR is a nuclear receptor [29], 

that binds 1,25(OH)2D3 within the nucleus and then combines with another nuclear factor 

identified as the retinoid-X receptor (RXR), which serves as the vitamin D co-receptor [30]. 

This tri-molecular complex binds to the vitamin D response element (VDRE), which is part 

of the regulatory (promoter) sequences that control the expression (transcription) of the 

adjacent genes affected by vitamin D [31, 32].

Our results confirm that a vitamin D-deficient diet causes major deficits in bone formation 

and structure, compared to the healthy bone structure of the mice fed a vitamin D-enriched 

diet [12]. These studies were important to demonstrate that the performance of the special 

diets was as expected. The results of the behavioral studies showed significant difference 

between the groups of mice. In these studies, four specific parameters were measured: 1) 

latency to cross platform; 2) number of platform crosses; 3) time spent in quadrant with 

target; and 4) the escape latency (the average time that the mice needed to reach the 

platform). For all of these parameters, there were significant differences between the groups. 

Although the results were clearly positive, it should be noted that behavioral studies in 

rodents tend to be less informative than in higher mammals, such as dogs and humans. This 

is relevant, because new animal models of AD are being developed, with the objective of 

conducting behavioral studies that are more refined in nature and more informative than 

those being performed currently in rodents.

The results of the experiments aimed at measuring amyloid deposition in the three groups of 

AβPP mice were the most informative [24]. Comparative analysis revealed that the number 

of plaques in the brain of AβPP mice fed a vitamin D-enriched diet was significantly lower 

than the number of plaques observed in the brain of AβPP mice fed a control or vitamin D-

deficient diet. Furthermore, we observed that the average size of the plaques was lower in 

the former than in the latter groups, and this difference was analyzed by statistical means 

and shown to be significantly different. The smaller size and number of amyloid plaques in 

the brain of AβPP mice fed a vitamin D-enriched diet is consistent with the mitigating 

Yu et al. Page 8

J Alzheimers Dis. Author manuscript; available in PMC 2018 April 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



effects of vitamin D supplementation on the chronic inflammatory process associated with 

plaque formation. Consistent with these experimental observations, we found that the 

vitamin D-enriched diet correlated with a significant decrease in the concentration of both 

Aβ40 and Aβ42 peptides in the brain of AβPP mice. This could be the result of several 

different possibilities. It is possible that vitamin D may alter the processing of AβPP, i.e., 

reduce β-secretase activity (BACE-1), or decrease Aβ peptide production by increasing the 

activity or reducing the inhibition of enzymes that degrade the Aβ peptide [1–7, 24]. Further 

studies would need to be conducted to determine the effects of vitamin D on Aβ peptide.

The CNS makes its own calcitriol [33], which in turn regulates in the expression of NGF 

[34]; in fact, VDRE sequences have been identified within the regulatory region of the NGF 

gene [32]. After synthesis within the CNS, calcitriol stays in the brain to perform its function 

in an autocrine and paracrine fashion [35, 36]. This function of vitamin D within the CNS is, 

therefore, different from the endocrine function performed by the kidney, which deploys 

calcitriol to its tissue targets through the blood stream. The blood-brain barrier prevents most 

substances carried in the bloodstream from leaving the capillaries of the brain circulatory 

system and entering the CNS. This mechanism provides an additional layer of protection for 

the brain against potentially toxic metabolites and agents that enter the blood stream while 

selectively transporting essential factors. 1,25(OH)2D3 and other metabolites of vitamin D 

have been detected in the CNS and can cross the blood-brain barrier, strongly suggesting 

that 1,25(OH)2D3 is needed to carry out important functions in the brain [37]. Moreover, 

several cell types within the CNS, including the neurons, express the 25-hydroxyvitamin 

D-1α-hydroxylase gene, which codes for the enzyme responsible for the final step in the 

synthesis of 1,25(OH)2D3, supporting the concept that the hormonal form of vitamin D3 can 

be produced in the CNS [38]. It is also possible that vitamin D may not only modify proteins 

associated with AD but may have widespread undocumented effects which could impact 

upon the rates of clearance of vitamin D as well as possibly liver, kidney and brain 

metabolism.

We also found that TNF-α levels were significantly decreased in the AβPP mice fed the 

vitamin D-enriched diet suggesting that, by decreasing Aβ peptide levels, vitamin D limits 

the expression of inflammatory markers in the brain [24]. Interestingly, we found that there 

was a significant increase in GFAP expression and an increase in activated astrocytes in the 

brains of the vitamin D-treated AβPP mice. It is possible that this activation is mediated by 

vitamin D and may contribute to the attenuation of Aβ peptide-mediated effects in the brain 

[32, 34]. We also found that the vitamin D-enriched diet correlated with a significant 

increase in the concentration of NGF in the brain of AβPP mice. This increase in NGF is 

consistent with the increase in GFAP immunoreactivity, since NGF is produced in the brain 

by the astrocytes [39, 40]. Thus, the activation of the astrocytes may lead to a reduction in 

Aβ peptides through altered processing or increased clearance as well in the generation of 

NGF to provide trophic support to the neurons. Taken together, these provocative results 

suggest that a vitamin D-enriched diet may mitigate the neuro-inflammatory process 

associated with Aβ peptide deposition and plaque formation. Furthermore, increased 

production of NGF in AβPP mice fed the vitamin D-rich diet may improve considerably 

neuronal function and trophism.
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There are limitations to this study. For instance, AβPP mice represent a suboptimal model of 

AD, because they express only some of the pathologic lesions observed in human AD. 

Furthermore, wild-type mice do not develop amyloid plaques at old age, and mouse behavior 

lacks the complexity needed to perform sophisticated behavioral analyses. Although vitamin 

D deficiency may affect behavior due to lowered bone strength and energy, the relative 

increase in Aβ observed in the VDD mice argues for at least a partial role for AD pathology 

and the associated neurodegeneration in the poor memory scores obtained. To the best of our 

knowledge these provocative observations are novel; however, only the outcome of 

randomized prospective clinical studies in AD patients will confirm or refute the hypothesis 

that vitamin D3 supplementation is effective in the prevention of AD or in mitigating its 

pathology and associated clinical symptoms.
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Fig. 1. 
Effects of Vitamin D-Deficient (VDD) and Vitamin D-Enriched Diet (VD 5X). The serum 

values of circulating vitamin D were much higher in mice fed a vitamin D-enriched diet than 

in mice fed a vitamin D-deficient diet, and this correlation was independent of whether the 

mice were transgenic or wild-type. Similarly, BMD was significantly higher in mice fed a 

vitamin D-enriched diet (n = 5–10 per group). *p < 0.01 compared to AβPP/VDD group; 

**p < 0.01 compared to AβPP/VD group.
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Fig. 2. 
Effects of vitamin D deficiency on bone histology. Goldner’s trichrome stain for 7 µm thick 

sections of non-demineralized bone embedded in methyl methacrylate: mineralized bone 

stains green. Unmineralized matrix or osteoid along the mineralized bone periphery stains 

red. Growth plate cartilage stains light-gray and chondrocytes light-red. Bone marrow cells 

stain red and marrow adipocytes do not stain. Femur tissue sample from mouse fed a vitamin 

D-enriched diet (Vitamin D 5X diet, left column) shows few, very thin osteoid layers or 

seams. Femur tissue sample from mouse fed a vitamin D-deficient diet (Vitamin D deficient 

diet, right column) shows a thickened osteoid layer, an abnormality indicating Vitamin D 

deficiency.
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Fig. 3. 
Vitamin D rescues learning and memory deficits in AβPP transgenic (Tg-AD) mice. Tg-AD 

mice were evaluated in the spatial reference version of the Morris water maze. A–C) 

Reference memory, tested 24 h after last training trial, was significantly improved in the Tg-

AD mice on the vitamin D-enriched diet (Tg-AD VD) compared to the vitamin D-deficient 

diet (Tg-AD VDD). D) Both groups showed an improvement over the 5 days of training, 

however, the vitamin D-treated animals at days 4 and 5 showed significantly lower levels. 

Data are presented as mean ± S.E. (n = 10 animals per group). *Indicates p < 0.01 compared 

to Tg-AD VDD group; ** indicates p < 0.01 compared to Tg-AD VD group.
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Fig. 4. 
Vitamin D3 administration significantly decreases amyloid pathology. A, B) Representative 

micrographs of cortical regions; C, D) representative micrographs of hippocampal regions 

all stained with anti-Aβ antibody 4 G8, which recognizes the Aβ peptide. These results 

clearly indicate a decrease in Aβ plaques in mice treated with vitamin D (B, D) compared to 

vitamin D-deficient mice (A, C). E–H) Thioflavin S stained sections from cortical samples 

of mice treated with vitamin D-enriched diet (F, H) compared to mice fed a vitamin D-

deficient diet (E, G). Mice on vitamin D-enriched diet had fewer and smaller plaques that 

were less reactive with thioflavin S. Scale bar is 350 µm for A and B, 100 µm for C and D, 

400 µm for E and F and 50 µm for G and H. I) Quantitation of % amyloid in tissue from 

VDD and VD treated animals. Data are presented as % amyloid occupying the tissue in the 

brain. Data are presented as mean ± S.E. *p < 0.001; **p < 0.01. J) Number of amyloid 

plaques per brain hemisphere of AβPP mice. The amyloid plaque counts per brain 

hemisphere for eleven mice fed a vitamin D-enriched diet and nine mice fed a vitamin D-

deficient diet, respectively. *p = 0.0011 (one-tailed test); **p = 0.024 (two-tailed test) (N = 

9–11 per group).
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Fig. 5. 
Load of Aβ peptides in the brain of AβPP mice. Bar graphs show the concentration of Aβ40 

(A) and Aβ42 (B) in picograms (pg) per milliliter (ml) of brain tissue extracts from AβPP 

mice fed a vitamin D-enriched diet (VD, white bars) versus AβPP mice fed a vitamin D-

deficient diet (VDD, black bars). For both Aβ peptides the differences were statistically 

significant (*p = 0.0043 for Aβ40 and **p = 0.0048 for Aβ42) (n = 10 per group).
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Fig. 6. 
Vitamin D lowers and increases brain CTFβ and sAβPPα, respectively. A) Vitamin D 

caused a reduction in brain CTFβ. CTFβ is a proteolytic product of β-secretase cleavage of 

AβPP and thus these data are also consistent with vitamin D acting through the inhibition of 

β-secretase activity. B) In contrast, vitamin D mediated an increase in brain sAβPPα levels. 

These data are consistent with vitamin D mediating the inhibition of β-secretase activity 

because sAβPPα is derived from AβPPα-secretase cleavage, which competes with β-

secretase cleavage of AβPP, and thus the inhibition of β-secretase activity provides more 

AβPP for β-secretase to produce more sAβPPα (*p < 0.001; ** p > 0.01).
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Fig. 7. 
Concentration of TNF-α in the brains of AβPP mice treated with vitamin D. ELISA 

measurements of TNF-α levels in the brains of mice treated with vitamin D-enriched (VD) 

or vitamin D-deficient diet (VDD). VD animals showed a significant reduction in TNF-α 
levels. Data are presented as mean ± S.E. *p < 0.001; **p < 0.01; (n = 10 per group).
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Fig. 8. 
GFAP immunoreactivity in the brains of AβPP mice treated with vitamin D. Brain sections 

of AβPP mice were immunostained with anti-mouse GFAP antibody to detect the 

distribution of activated astrocytes. A) AβPP mice fed a vitamin D-enriched diet (VD, white 

bars) versus AβPP mice fed a vitamin D-deficient diet (VDD, black bars). B) Examples of 

sections showing activated GFAP-positive astrocytes. 1 and 2, cortex; 3 and 4 hippocampus 

from AβPP mice on vitamin D-enriched diet (1 and 3) or vitamin D-deficient diet (2 and 4). 

Data are presented as mean ± S.E. *p < 0.001; **p < 0.01 (n = 10 per group).
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Fig. 9. 
Concentration of NGF in the brain of AβPP mice. Bar graphs show the concentration of 

NGF in picograms (pg) per milligram (mg) of brain tissue from AβPP mice fed a vitamin D-

enriched diet (VD, white bars) versus AβPP mice fed a vitamin D-deficient diet (VDD, dark 

bars). The difference was statistically significant (*p < 0.001; **p < 0.01) (n = 10 per 

group).
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