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Alzheimer's disease (AD) and other neurodegenerative dementia 
diseases are rapidly becoming a public health issue (World Health 
Organization, 2020). Current medications only have a minimal 

beneficial effect on these diseases, so older people are being asked 
to take preventive measures against dementia. While AD is a multi-
farious disease and its underlying mechanisms have not been clearly 
defined, it is recommended that older people get long- term regular 
exercise and lead healthy lifestyles to reduce the risk of dementia 
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Vitamin D deficiency has been epidemiologically linked to Alzheimer's disease (AD) 
and other dementias, but no interventional studies have proved causality. Our previ-
ous work revealed that the genomic vitamin D receptor (VDR) is already converted 
into a non- genomic signaling pathway by forming a complex with p53 in the AD brain. 
Here, we extend our previous work to assess whether it is beneficial to supplement 
AD mice and humans with vitamin D. Intriguingly, we first observed that APP/PS1 
mice fed a vitamin D- sufficient diet showed significantly lower levels of serum vita-
min D, suggesting its deficiency may be a consequence not a cause of AD. Moreover, 
supplementation of vitamin D led to increased A! deposition and exacerbated AD. 
Mechanistically, vitamin D supplementation did not rescue the genomic VDR/RXR 
complex but instead enhanced the non- genomic VDR/p53 complex in AD brains. 
Consistently, our population- based longitudinal study also showed that dementia- 
free older adults (n =�ƐƓķѵƓѶő�|-hbm]��b|-lbm�	3�v�rrѴ;l;m|v�=ou�o�;u�ƐƓѵՓ7-�vņ�;-u�
�;u;�ƐĺѶ� |bl;v�lou;� Ѵbh;Ѵ�� |o�7;�;Ѵor�7;l;m|b-� |_-m� |_ov;�mo|� |-hbm]� |_;� v�rrѴ;-
ments. Among those with pre- existing dementia (n =�ƖѶƏőķ�|_ov;�|-hbm]��b|-lbm�	3 
v�rrѴ;l;m|v�=ou�o�;u�ƐƓѵՓ7-�vņ�;-u�_-7�ƑĺƐƕ�|bl;v�|_;�ubvh�o=�lou|-Ѵb|��|_-m�|_ov;�
not taking the supplements. Collectively, these animal model and human cohort stud-
ies caution against prolonged use of vitamin D by AD patients.
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(Wittfeld et al., 2020). However, these recommendations require 
people to change long- established unhealthy behaviors, which some 
people can change but many cannot change over the long term.

Dietary supplementation has also been suggested (Allen 
et al., 2013ĸ� �;mmbm]v� ;|� -Ѵĺķ� 2020). Many recent epidemiological 
studies have found a link between vitamin D deficiency and risk of 
dementia. Basing their assumptions on results of observational stud-
b;v�Ő"_;m�ş��bķ�2015; Sommer et al., 2017), some people have come 
to believe that vitamin D deficiency causes AD and have gone a step 
further to conclude that vitamin D supplementation might confer 
neuroprotection against dementia (Banerjee et al., 2015; Landel, 
Annweiler, et al., 2016a). After all, one disease, rickets, has already 
been found to be caused by vitamin D and/or calcium deficiency in 
infants and children and has been found to be prevented with sup-
rѴ;l;m|-Ѵ��b|-lbm�	�Ő"-_-��ş�"-_-�ķ�2012). In contrast to the benefi-
cial effect on bone development seen in developing children, results 
of randomized clinical trials in adults have found no overall health 
benefit for supplementation of vitamin D (Barbarawi et al., 2019; 
�-1hvom� ;|� -Ѵĺķ�2006). Nevertheless, some still believe that a safe 
or|bl-Ѵ� 7ov-];�o=� �b|-lbm�	� ŐƐƏƏƏŋ�ƑƏƏƏՓ�&ő� 1-m�0;��v;7�7-bѴ�� |o�
achieve an adequate serum vitamin D level without any significant 
side effects (Bischoff- Ferrari et al., 2006; Gorham et al., 2007; Vieth 
et al., 2007).

One concern that is often ignored by those recommending sup-
plementation with vitamin D is that it is actually a steroid hormone 
and prolonged use of it in AD patients or older people is poorly un-
derstood (Anastasiou et al., ƑƏƐƓ). Another important concern is 
raised from the results of our previous work that suggest the ge-
nomic vitamin D signaling pathway is already impaired in AD brain 
(Lai et al., 2021). However, no large- scale population study has been 
conducted to investigate what effect prolonged supplementation of 
vitamin D might have on AD. In the present study, we assumed that 
vitamin D supplementation started at a very early disease stage in 
AD mice cannot represent real- world conditions in humans (Landel, 
Millet, et al., 2016b; Yu et al., 2011). Therefore, we performed a 
very similar animal experiment, but starting the supplementation 
at mid- stage disease in mice, when vitamin D deficiency is evident, 
to assess the potential impact of vitamin D supplementation on the 
pathogenesis of AD. We also performed a population- based longi-
tudinal study to investigate whether the response to vitamin D sup-
plementation in humans is similar to that in our experimental mouse 
model. The results of this work are of potential value in assessment 
of the outcomes of long- term use of vitamin D supplementation in 
AD patients.
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	o�0Ѵ;� |u-mv];mb1� ���ņ�"Ɛ� lb1;� Ő�-|Ų� ƏƒƕƔѵƔŊ���*ķ� !!�	Ĺ�
��!!�ōƏƒƕƔѵƔŊ���*ő��;u;�r�u1_-v;7�=uol��-1hvom��-0ou-|ou��
(Bar Harbor, ME, USA) and bred with wild- type B6C3F1/Bltw 

(C57BL/6 N background) mice. The sample size of mouse studies 
was chosen following the guidelines of “Guidelines for care and 
uses of mammals in neuroscience and behavioral research” (Van 
"Ѵ��|;uv�ş��0;umb;uķ�ƑƏƏƓ). Mice were allocated randomly in all 
;�r;ubl;m|vĺ��b1;� o=� ƓĺƔ� lom|_v� o=� -];� �;u;� =;7� om� -� moul-Ѵ�
diet (Altromin; Cat# Altromin 1320) containing sufficient vitamin 
D3�ŐѵƏƏՓ�&ņ�]�o=�1_oѴ;1-Ѵ1b=;uoѴő�ou�	3- supplemented diet (Match 
|o� �Ѵ|uolbm� ƐƒƑƏ� �b|_� ѶƏƓƓՓ�&ņ�]� o=� 1_oѴ;1-Ѵ1b=;uoѴĸ� !;v;-u1_�
Diets, Inc; Cat# D13031002) with or without intraperitoneally 
injected weekly with 3 mg/kg of p53 inhibitor Pifithrin- " (PFT", 
"b]l-Ŋ��Ѵ7ub1_ķ� �-|Ų� �ƓƒƔƖő� =ou� ƒ� ou� ƕĺƔ� lom|_v� 0;=ou;� v�0v;-
quent assays were conducted. Submandibular blood collection 
and cerebrospinal fluid (CSF) collection from anesthetized mice as 
described (Lim et al., ƑƏƐѶ) were performed on APP/PS1 and wild- 
type mice at the indicated time points for quantification of serum 
25(OH) D3 levels by using Vitamin D3 EIA Kit (Cayman Chemical, 
Cat# 501050). The Morris water maze test were performed in 
NHRI Animal Behavior Core Facility following the procedures 
as described previously (Lai et al., 2021). Animal procedures and 
protocols were approved by the Institutional Animal Care and 
Use Committee at NHRI (approved protocol no. NHRI- IACUC- 
101057- A and NHRI- IACUC- 103136- A).

ƑĺƑՊ |Պ �;ѴѴ�1�Ѵ|�u;ķ�1;ѴѴ��b-0bѴb|�ķ�$&����v|-bmbm]�-m7�
l-ll-Ѵb-m�|�oŊ�_�0ub7�-vv-�

SH- SY5Y (human neuroblastoma, ATCC CRL- 2266) cells were cul-
tured as described (Lai et al., 2021). The cell viability was treatment 
with or without calcitriol (Sigma- Aldrich, Cat# D1530, 1,25(OH)2D3) 
ou� 1-Ѵ1b7boѴ� Ő"b]l-Ŋ��Ѵ7ub1_ķ� �-|Ų� ƐƕƖƒѶķ� ƑƔŐ��ő	3) and measured 
by colorimetric WST- 1 assay. The TUNEL assay was performed by 
using ApoAlert™ DNA Fragmentation Assay Kit (Clontech, Cat# 
630107). Mammalian two- hybrid assay was used to assess the in-
teraction between VDR and RXR by using Dual- Luciferase Reporter 
Assay (Promega, Cat# E1910) for SH- SY5Y cells with pretreatment 
with A!ƓƑ�ŐƐŋ�ƐƏՓ#M) followed by treatment with or without calcitriol 
=ou�ѵՓ_�0;=ou;�|_;�-vv-�ĺ

ƑĺƒՊ |Պ�m|b0o7�

The antibodies used in this study are listed as follows: VDR 
Ő�ƑƏőķ� "-m|-� �u��� �bo|;1_moѴo]�ķ� �-|Ų� v1Ŋ�ƐƏƏѶĸ� (	!Ő	ѵőķ� "-m|-�
Cruz, Biotechnology Cat# sc- 1313; GAPDH, GeneTex, Cat# 
GTX10011; PARP- 1/2 (H- 250), Santa Cruz Biotechnology, Cat# sc- 
ƕƐƔĸ���ƒ�ķ��;ѴѴ�"b]m-Ѵbm]�$;1_moѴo]�ķ��-|Ų�ƓƐƏѶĸ��;|-Ŋ��l�Ѵob7Ŋ�
ƐŊ�Ɛѵ� -m|b0o7�ķ� �bo�;];m7ķ� �-|Ų� ѶƏƒƏƐƓĸ� !- Amyloid Antibody, 
�;ѴѴ� "b]m-Ѵbm]� $;1_moѴo]�ķ� �-|Ų� ƑƓƔĸ� ����� Ő�Ŋ�Ѷƒőķ� "-m|-� �u���
�bo|;1_moѴo]�ķ��-|Ų�v1Ŋ�ƐƏƕƓѶĸ�����Ő�Ѵom;�"�ƕѶőķ���0bo"o�uv;ķ�
�-|Ų� ��"ƒƏƑѶƖƖĸ� ���� Ő��Ɣőķ� �;ѴѴ� "b]m-Ѵbm]� $;1_moѴo]�ķ�
Cat# 3670; p53 (DO- 1) Santa Cruz Biotechnology Cat# sc- 12; 
�-|Ų� v1Ŋ�ƐƒƖѶƔĸ� �_ovr_oŊ�" "$�ƐņrѵƑ� Ő";uƒƓƖőķ� �;ѴѴ� "b]m-Ѵbm]�
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 ��&!� �ƐՊ	b;|-u��v�rrѴ;l;m|-|bom�o=��b|-lbm�	3 aggravates AD pathology in APP/PS1 AD mice. (a) Serum 25(OH)D3 levels in APP/
�"Ɛ�Ő$�ő�-m7��bѴ7Ŋ�|�r;�Ő)$ő�lb1;ĺ��b1;��;u;��;-m;7�-|�ƓŊ��;;hv�o=�-];�Ő±ƒՓ7-�vő�-m7�l-bm|-bm;7�om�-��b|-lbm�	3Ŋ�v�==b1b;m|�7b;|�ŐѵƏƏՓ�&ņ
Kg of cholecalciferol). Serum vitamin D3 levels were determined by 25(OH)D3 enzyme- linked immunosorbent assay (EMSA) at the indicated 
time points (n =�Ɣőĺ�!;v�Ѵ|v�-u;�v_o�m�-v�l;-mՓ±Փ"	ĺ�Ŗp <ՓƏĺƏƔĸ�ŖŖp <ՓƏĺƏƐĸ�ŖŖŖp <ՓƏĺƏƏƐ�0���mr-bu;7�t- test. (b) WST- 1 cell viability assay. SH- 
SY5Y cells were exposed to vitamin D3 alone or $!�ŐƓ�#M) plus vitamin D3 (calcitriol or calcidiol) for 6 h prior to assays. Results are shown 
-v�l;-mՓ±Փ"	ĺ�Ŗp <ՓƏĺƏƔ�0���m;Ŋ��-�����(�ĺ�Ő1ő�);v|;um�0Ѵo|�-m-Ѵ�vbv�o=�(	!ķ�-ror|o|b1�-m7�-�|or_-]b1�l-uh;u�ruo|;bmv�bm�"�Ŋ�"+Ɣ+�1;ѴѴv�
exposed to A!ƓƑ�ou�rѴ�v��b|_o�|�ou��b|_o�|�(b|-lbm�	3ĺ�"�Ŋ�"+Ɣ+�1;ѴѴv��;u;�|u;-|;7��b|_�Ɠ�#M A!ƓƑ�-Ѵom;�ou��!ƓƑ�rѴ�v�ƐƏķ�ƒƏķ�ou�ƐƏƏՓm��
calcitriol for 6 h before harvesting cell lysates for analysis. (d) Representative immunofluorescent micrographs of gliosis (anti- GFAP, GA5) 
and amyloid aggregates (anti- $!ķ�	ƔƓ	Ƒő�bm�_brro1-lr-Ѵ�|bvv�;v�o=����ņ�"Ɛ�lb1;ĺ�ƓĺƔŊ�lom|_Ŋ�oѴ7����ņ�"Ɛ�lb1;��;u;�=;7��b|_��b|-lbm�	3- 
v�rrѴ;l;m|;7�ŐѶƏƓƓՓ�&ņ�]�1_oѴ;1-Ѵ1b=;uoѴņ7-�ķ�(b|ĺ�	ő�ou��b|-lbm�	3Ŋ�v�==b1b;m|�7b;|v�ŐѵƏƏՓ�&ņ�]�1_oѴ;1-Ѵ1b=;uoѴņ7-�ķ��|uѴő�=ou�ƒ�lom|_v�0;=ou;�
harvesting brain tissues for analysis. Sections of cortex or hippocampus were stained with the indicated antibodies. The average percentage 
of surface area with $! plaques in five consecutive sections per animal (n =�Ɠŋ�ƕő��-v�t�-m|b=b;7�0���l-];��bm�ub]_|�r-m;Ѵĺ�Ő;ő�);v|;um�0Ѵo|�
analysis of $! production and !- secretase 1 (BACE1) levels in hippocampal lysates of APP/PS1 mice supplemented with or without vitamin 
D3. Densitometrical quantification of A! and BACE bands were normalized to GAPDH (right panel). (f) Cognitive performance for AD mice 
supplemented with vitamin D3ĺ�ƓĺƔŊ�lom|_Ŋ�oѴ7����ņ�"Ɛ�lb1;��;u;�=;7��b|_��b|-lbm�	3– fortified (Vit. D) or vitamin D3- sufficient diets (Ctrl) 
=ou�ƕĺƔ�lom|_v�0;=ou;��ouubv�)-|;u��-�;ĺ�ŖpՓ<ՓƏĺƏƔ�0���m;Ŋ��-�����(�
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$;1_moѴo]�ķ��-|Ų�ƖƔѵƖƕĸ�" �$�ƐņrѵƑ� Ő�$ƐƓƕѶőķ�$_;ulo�bv_;u�
"1b;m|b=b1ķ� �-|Ų� ��Ɣŋ�ƑƕѶƏƏĸ� $�Ŋ�"� Ő	Ƒ	Ɠő� *�ţ� !-00b|� l�0ķ�
�;ѴѴ� "b]m-Ѵbm]� $;1_moѴo]�ķ� �-|Ų� ƐƐƖƓĸ� �Ѵ;�-� ƓѶѶ� 1_b1h;m� -m|bŊ�
u-00b|� �]�� Ő�Փ+Փ�őķ�$_;ulo�bv_;u�"1b;m|b=b1ķ��-|Ų��Ŋ�ƑƐƓƓƐĸ��Ѵ;�-�
ƔƖƓ�1_b1h;m�-m|bŊ�]o-|��]��Ő�Փ+Փ�őķ�$_;ulo�bv_;u�"1b;m|b=b1��-|Ų��Ŋ�
ƑƐƓѵĸ��;uo�b7-v;Ŋ��==bmb��u;��o-|��m|bŊ�!-00b|��]��Ő�Փ+Փ�őķ��-1hvom�
�ll�mo!;v;-u1_��-0vķ��-|Ų�ƐƐƐŊ�ƏƒƔŊ�ƐƓƓĸ��;uo�b7-v;Ŋ��==bmb��u;�
�o-|��m|bŊ��o�v;��]��Ő�Փ+Փ�őķ��-1hvom��ll�mo!;v;-u1_��-0vķ��-|Ų�
ƐƐƔŊ�ƏƒƔŊ�ƐƓĸ� �;uo�b7-v;Ŋ��==bmb��u;� !-00b|� �m|bŊ��o-|� �]�� Ő�Փ+Փ�őķ�
�-1hvom� �ll�mo!;v;-u1_��-0vķ��-|Ų�ƒƏƔŊ�ƏƒƔŊ�ƏƏƒĸ��o�v;�-m|bŊ�
Rabbit light chain; HRP conjugate, Millipore, at# MAB201P; HRP- 
conjugated AffiniPure Mouse Anti- Rabbit IgG Light Chain, Bclonal 
Cat# AS061.

ƑĺƓՊ |Պ �or�Ѵ-|bomŊ�0-v;7�v|�7�

ƑĺƓĺƐՊ ŇՊ "|�7��7;vb]m�-m7�7-|-�vo�u1;v

We conducted a retrospective population- based cohort study aim-
ing at delineating the effects of calcitriol use on dementia develop-
ment in the dementia- free older adults and the mortality impact on 
subjects with dementia. There was about 99% of Taiwan's popula-
tion of 23 million enrolled in the National Health Insurance (NHI) 
program since 1995. The Taiwan NHI Research Database (NHIRD), 
derived from the reimbursement claims within the NHI program, 
provides detailed medical utilization information of the NHI benefi-
ciaries. The NHIRD was the data source we used to select calcitriol 
users for this study.

The Longitudinal Health Insurance Database for the year 2000 
(LHID2000), one of the data components in NHIRD, consists of 
claims information of one million subjects who were randomly se-
lected from the 2000 Registry of Beneficiaries of the NHI program. 
The LHID2000 served as the sampling pool from which we selected 
the calcitriol nonusers for the first analysis.

The Registry of Catastrophic Illness Patients (RCIP) is another 
dataset of the NHIRD, containing information of NHI utilization 
of all patients with catastrophic illnesses defined by the Taiwan's 

government. A rigorous clinical review and evaluation would pre-
cede entitlement for the RCIP to assure valid diagnoses. The cata-
strophic injuries/illnesses in Taiwan included 31 categories of major 
illnesses (e.g., cancer, dialysis, hemophilia, etc.), with which patients 
are exempt from co- payment and may thus avoid financial hardship. 
	;l;m|b-� Ő��	Ɩ� ƑƖƏ� ou� ƑƖƓő� bv� om;� o=� |_;� Ѵbv|;7� 1-|-v|uor_b1� bѴѴ-
nesses. The RCIP is another dataset we used to conduct the second 
analysis.

ƑĺƓĺƑՊ ŇՊ �m-Ѵ�vbv�o=�|_;�ubvh�o=�bm1b7;m|�7;l;m|b-

From the data source of NHIRD, we identified those who were 
ѵƔՓ�;-uv� ou� oѴ7;uķ� =u;;� o=� 7;l;m|b-� 7b-]movbv� 0;=ou;� ƑƏƏƏķ� -m7�
had received at least one calcitriol prescription in 2000– 2009 
(n =�ƑƏķƐƏѶő�-v�|_;�1-Ѵ1b|uboѴ��v;uv�ŐFigure 3a). To exclude subjects 
less adherent to the study medication, we excluded the users with 
very short- term calcitriol use (less than ten 2.5 mcg capsules per 
year) and the users who were diagnosed with dementia within 
6 months after the first prescription of calcitriol had been made. 
From the LHID2000, we considered subjects as the calcitriol non-
�v;uv�b=�|_;���;u;�ѵƔՓ�;-uv�o=�-];�ou�oѴ7;uķ�=u;;�o=�7;l;m|b-�7b-]mo-
sis before 2000, and never had calcitriol prescription in 2000– 2010 
(n =�ѶƖƕѵѵőĺ�$o�bm1u;-v;�1olr-u-0bѴb|�ķ�|_;�1-Ѵ1b|uboѴ��v;uv��;u;�ruo-
pensity score- matched to their nonuser counterparts on a 1:1 ratio 
based on age (birthday year), gender, calcium prescription (yes/no), 
and comorbidities (yes/no) including chronic kidney disease (ICD9: 
ƔѶƑķ� ƔѶƔķ� ƔѶѵķ� ƔѶƒĺƏķ� ƔѶƒĺƐķ� ƔѶƒĺƑķ� ƔѶƒĺƒķ� ƔѶƒĺƓķ� ƔѶƒĺƔķ� ƔѶƒĺѵķ�
ƔѶƒĺƕķ��Ŋ�1o7;Ĺ��ƒƔƏőķ�ov|;orouovbv�Ő��	ƖĹ�ƕƒƒĺƏ�(ƐƕĺѶƐՓ(ѶƑĺѶƐķ��Ŋ�
1o7;Ĺ��ƓƒƖ��(ƏƖ��(ƏƔőķ�-1t�bu;7�_�ro|_�uob7bvl�Ő��	ƖĹƑƓƏŋ�ƑƓѵķ�
�Ŋ�1o7;Ĺ��ƐѶƏőķ�	b-0;|;v�Ő��	ƖĹ�ƑƔƏķ��Ŋ�1o7;Ĺ��ƐѶƐőķ�_�r;uѴbrb7;lb-�
Ő��	ƖĹ�ƑƕƑķ��Ŋ�1o7;Ĺ��ƐѶƑőķ�_�r;u|;mvbom�Ő��	ƖĹ�ƓƏƐ�ƓƏƑ�ƓƏƒ�ƓƏƓ�
ƓƏƔķ� �Ŋ�1o7;Ĺ� �ƑѵƖ� �ƑѵƏőķ� -m7� |_;� �_-uѴvomŝv� bm7;�� v1ou;ĺ� �=|;u�
matching procedures, we got equal number of calcitriol users and 
nonusers (n =� ƕƒƑƓő� =ou� =�u|_;u� -m-Ѵ�vbvĺ� $_;� v�0]uo�r� -m-Ѵ�vbv�
was conducted with the gender of male (n = 5362) and female 
(n =�ƖƑѶѵőķ�ou�|_;�-];�o=�ѵƔŋ�ƕƔՓ�;-uv�oѴ7�Őn = 5196) and older than 
ƕƔՓ�;-uv�oѴ7�Őn =�ƖƓƔƑőĺ

 ��&!� �ƑՊ(b|-lbm�	�v�rrѴ;l;m|-|bom�;m_-m1;v�(	!ņrƔƒ�0�|�mo|�(	!ņ!*!�1olrѴ;��bm��ouv;mbm]�0u-bm�r-|_oѴo]��bm����ņ�"Ɛ��	�
mice. (a) Mammalian two- hybrid assays for studies of the interaction of VDR with RXR in neuronal cells exposed to $! plus with vitamin 
D3. SH- SY5Y cells were treated A!ƓƑ�=ou�ѵ�_�-m7�|_;m�1oŊ�|u;-|;7��b|_�ƐƏ�m��1-Ѵ1b|uboѴ�=ou�-77b|bom-Ѵ�ѵ�_�rubou�|o�_-u�;v|bm]�=ou�l-ll-Ѵb-m�
two- hybrid luciferase assays. (b,c) Western blot analysis of co- immunoprecipitation of VDR/p53 complex in SH- SY5Y cells and hippocampal 
tissues of APP/PS1 mice. (d) Western blot analysis of VDR, p53, and MDM2 in the hippocampal lysates of APP/PS1 mice treated with or 
�b|_o�|�rƔƒ�bm_b0b|ouĺ�ƓĺƔŊ�lom|_Ŋ�oѴ7����ņ�"Ɛ�lb1;�u-bv;7�om��b|-lbm�	3- sufficient diets were intraperitoneally injected weekly with 3 mg/
kg of p53 inhibitor pifithrin- " (PFT") for 7.5 months before harvesting hippocampal tissues for analysis. Densitometrical quantification of 
(	!ķ�rƔƒķ�-m7��	�Ƒ�0-m7v��;u;�moul-Ѵb�;7�|o����	��ŐѴo�;u�r-m;Ѵőĺ�Ŗp <ՓƏĺƏƔĸ�ŖŖp <ՓƏĺƏƐĸ�ŖŖŖp <ՓƏĺƏƏƐ�0���mr-bu;7�t- test. (e) Western 
0Ѵo|�-m-Ѵ�vbv�o=�-�|or_-]b1�l-uh;uv���ƒķ�rѵƑķ�-m7�v;uƒƓƖ�r_ovr_ou�Ѵ-|;7�rѵƑ�ŐrѵƑŊ�"ƒƓƖő�bm�|_;�_brro1-lr-Ѵ�Ѵ�v-|;v�o=����ņ�"Ɛ�lb1;�
injected with or without PFT"ĺ�	;mvb|ol;|ub1-Ѵ�t�-m|b=b1-|bom�o=���ƒķ�rѵƑŊ�"ƒƓƖķ�-m7�rѵƑ�0-m7v��;u;�moul-Ѵb�;7�|o����	��Őub]_|�r-m;Ѵőĺ�
(f) Western blot analysis of $! and BACE levels in the hippocampal lysates of APP/PS1 mice injected with or without PFT". Densitometrical 
quantification of A! and BACE bands were normalized to GAPDH (right panel). (g,h) p53 inhibitor amelioration of vitamin D3- aggravated 
A! aggregation and apoptosis. The A!, GFAP, and TUNEL- positive signals in five consecutive sections per animal (n = 5) was quantified by 
�l-];��-m7�ru;v;m|;7�-v�|_;�l;-mՓ±Փ"	ĺ�"1-Ѵ;�0-uvķ�ƔƏՓ#m. (i) Cognitive performance assays for the AD mice treated with p53 inhibitor. APP/
PS1 mice were given with or without weekly injections of PTF" (n =�ѵ�lb1;ő�v|-u|bm]�-|�|_;�-];�o=�ƓĺƔŊ�lom|_ĺ����ņ�"Ɛ�lb1;�-|�ƐƑŊ�lom|_�o=�
age were used for the Morris Water Maze test

Calcitriol is 
ineffective, 
counterprodu
ctive, allows 
deficiency to 
persist with 
loss of 80% of 
function, lack 
of balance. 
Probably a 
surrogate 
maker for 1) 
bad care, 2) 
other disease, 
3) other bad 
prescriptions 
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ƑĺƓĺƒՊ ŇՊ �m-Ѵ�vbv�o=�7;l;m|b-�lou|-Ѵb|�

From the RCIP in 2000– 2009, we identified 51,606 individuals who 
�;u;�ѵƏՓ�;-uv�ou�oѴ7;u�-m7�_-7�-�7b-]movbv�o=�7;l;m|b-�Ő��	Ɩ�ƑƖƏ�
ou�ƑƖƓőķ� o=��_ol�ѵƒѵ� v�0f;1|v�_-7� |_;bu� =buv|� 1-Ѵ1b|uboѴ� ru;v1ubr-
tion after the diagnosis and the remaining 50,970 subjects never 
on calcitriol were considered as the calcitriol nonusers (Figure Ɠ-). 
To exclude subjects less adherent to the study medication, we ex-
cluded the users with very short- term calcitriol use (less than ten 
2.5 mcg capsules per year) and the users who died within 3 months 

after the first calcitriol prescription. To increase comparability, we 
-Ѵvo�l-|1_;7� |_;� 1-Ѵ1b|uboѴ� �v;uv� |o� |_;� mom�v;uv� om� -� ƐĹƓ� u-|bo�
based on the same covariates as described in the analysis of risk of 
incident dementia. Frequency matching was performed to ensure 
a similar distribution of the variables in each group. Baseline char-
acteristics showed no difference between the two groups. After 
matching procedures, we kept 196 dementia patients who were 
-Ѵvo�|_;�1-Ѵ1b|uboѴ��v;uv�-m7�ƕѶƓ�7;l;m|b-�r-|b;m|v��b|_o�|�|-hbm]�
calcitriol (the nonusers) for further analysis. The subgroup analy-
sis was conducted with the gender of male (n = 315) and female 
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(n =�ѵѵƔőķ�ou�|_;�-];�o=�ѵƏŋ�ƕƔՓ�;-uv�oѴ7�Őn = 239) and older than 
ƕƔՓ�;-uv�oѴ7�Őn =�ƕƓƐőĺ

ƑĺƓĺƓՊ ŇՊ "|�7��o�|1ol;

The study outcome in the analysis for the risk of incident dementia 
was designated to be dementia development, which was defined as 
the first diagnosis of dementia (ICD9: 290.0, 290.1, 290.2, 290.3, 
ƑƖƏĺƓķ�ƑƖƓĺƐķ�ƒƒƐĺƏķ�ƒƒƐĺƐķ�ƒƒƐĺƑķ��Ŋ�1o7;Ĺ��ƑƐƏķ��ƑƐƒķ��ƑƑőĺ� ou�
the analysis of the risk of dementia mortality, the study outcome was 
all- cause mortality.

ƑĺƓĺƔՊ ŇՊ "|-|bv|b1-Ѵ�-m-Ѵ�vbv

We used chi- square test and t- test to detect the differences for cate-
gorical and continuous variables, respectively. Associations between 
calcitriol use and study outcomes were analyzed using Kaplan– Meier 
survival curves and log- rank tests. We used Cox proportional haz-
ard models to assess adjusted effects of calcitriol use on the study 
outcomes. The proportional hazards assumption was ascertained by 
comparing log– log survival curves for all time- independent covari-
ates. All assessed log– log survival plots indicated no violation of the 
assumption. Hazard ratios (HR) with 95% confidence interval (CI) 
were used to measure the risk of dementia or mortality. For calcitriol 
users, study entry was defined as the date of first calcitriol use; while 
for the nonusers, study entry was assigned as the same date as their 
matched user counterparts. In analysis 1, the outcome was dementia 

development and observations were censored on last clinical visits 
by 31 December 2010. In analysis 2, the outcome was death de-
fined as withdrawal from the national health insurance registry and 
v�v|-bm;7�Ѵ-1h�o=�_;-Ѵ|_1-u;��|bѴb�-|bom�|_;u;-=|;u�=ou�-|�Ѵ;-v|�ƐՓ�;-uĺ�
The observation was censored on the date of the last clinic visit by 
31 December 2010. A two- tailed p value less than 0.005 was con-
vb7;u;7�vb]mb=b1-m|ĺ�);�1om7�1|;7�-m-Ѵ�v;v��vbm]�"�"��;uvbom�ƖĺƓĺ

ƒՊ |Պ !�"&�$"

ƒĺƐՊ |Պ���ņ�"Ɛ��	�lb1;�]b�;m��b|-lbm�	Ŋ�v�==b1b;m|�
7b;|�;�_b0b|�7;1u;-v;7�v;u�l��b|-lbm�	�Ѵ;�;Ѵv

Because vitamin D deficiency is linked to AD, it was imperative to 
clarify whether vitamin D deficiency is a risk factor or an outcome 
of AD. To test this hypothesis, we fed both APP/PS1 and wild- type 
(WT) mice a vitamin D3Ŋ�v�==b1b;m|�7b;|�ŐѵƏƏՓ�&ņ�]�o=�1_oѴ;1-Ѵ1b=;uoѴő�
and measured their serum vitamin D levels during the early stages of 
Ѵb=;ĺ��m|ub]�bm]Ѵ�ķ�0;]bmmbm]�-v�;-uѴ��-v�ƓՓlom|_vķ�|_;��	�lb1;�v|-u|;7�
exhibiting significantly lower serum 25(OH)D3 levels compared with 
|_ov;�ƑՓlom|_v�oѴ7ĺ�$_;u;��-v�mo�7b==;u;m1;�bm�v;u�l��b|-lbm�	�Ѵ;�-
els in WT over the study period (Figure 1a). We then tested whether 
the 25(OH)D3 levels were also decreased in the CSF of AD mice as 
seen in the serum. Indeed, the EIA assays showed that the 25(OH)
D3 levels in CSF were also markedly decreased in AD mice compared 
with WT controls (Figure S1). These results may suggest that vitamin 
D deficiency may be caused by AD rather than caused by a lack of 
dietary vitamin D.

 ��&!� �ƒՊ�or�Ѵ-|bomŊ�0-v;7�1o_ou|�v|�7��o=�|_;�-vvo1b-|bomv�0;|�;;m�|_;�bm1b7;m1;�o=�7;l;m|b-�-m7�1-Ѵ1b|uboѴ�v�rrѴ;l;m|-|bomĺ�Ő-ő�
Flow chart of cohort formation for epidemiological study of association between incident dementia and calcitriol supplementation. NHIRD, 
National Health Insurance Research Database; LHID2000, Longitudinal Health Insurance Database 2000; Comorbidities including calcium 
prescription, chronic renal disease, osteoporosis, thyroid, diabetes, hyperlipidemia, hypertension, and Charlson score. (b) The adjusted 
1�u�;v�o=�7;l;m|b-�7;�;Ѵorl;m|�bm�v|�7��v�0f;1|v�-];7�o�;u�ѵƔՓ�;-uv��b|_�7b==;u;m|�-�;u-];�1�l�Ѵ-|b�;�7ov-];v�o=�1-Ѵ1b|uboѴ��b|_�-�=oѴѴo�Ŋ�
�r�o=��r�|o�ƐƏՓ�;-uv�Őn =�ƐƓķѵƓѶőĺ�$_;�7;=bmb|bom�o=�|_;�ļ7ov-];ņ�;-uĽ�bv�|_;�-vv�l;7�-�;u-];�l-bm|;m-m1;�7ov;�Ől1]ő�r;u��;-u�=ou�1-Ѵ1b|uboѴ�
�v;7�bm�|_;��_oѴ;�=oѴѴo�Ŋ��rĺ�ŖŖŖpՓ<ՓƏĺƏƏƐ�0���-�bl�l��bh;Ѵb_oo7Ŋ�u-|bo�|;v|
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ƒĺƑՊ |Պ -v|;u�7bv;-v;�ruo]u;vvbom�-=|;u��b|-lbm�	�
v�rrѴ;l;m|-|bom�bm��	�lb1;

Our previous finding that the VDR- RXR heterodimer for transducing 
the genomic vitamin D signal was impaired in AD led us to question 
the seemingly common assumption that vitamin D supplementation 
may exert a protective effect on AD (Groves et al., ƑƏƐƓ). We first 
assessed the potential impact of vitamin D supplementation on an 
A!ƓƑŊ�|u;-|;7�m;�uom-Ѵ�1;ѴѴ�Ѵbm;ĺ�$_;�u;v�Ѵ|v�v_o�;7�|_-|�|_;�bm1�0--
tion of vitamin D (calcitriol or calcidiol) with SH- SY5Y cells exposed 
to A!ƓƑ�u;v�Ѵ|;7�bm�-�vb]mb=b1-m|�7ov;Ŋ�7;r;m7;m|�bm1u;-v;�bm�-ror-
tosis and autophagy (Figure 1b,c), suggesting that vitamin D might 
have a potentially damaging effect on neuronal cells exposed to 
A!ƓƑĺ��m1o�u-];7�0��|_bv�u;v�Ѵ|ķ��;�ruo1;;7;7�|o�;�rѴou;��_;|_;u�

vitamin D supplementation could exert a similar detrimental effect 
om�|_;�ruo]u;vvbom�o=��	� bm�lb1;ĺ��77bm]�ѶƏƓƓՓ�&ņh]�o=�1_oѴ;1-Ѵ-
ciferol (vitamin D3ő�|o�|_;�7b;|v�o=����ņ�"Ɛ��	�lb1;�ƓĺƔ�lom|_v�oѴ7�
=ou�ƒՓlom|_v�u;v�Ѵ|;7�bm�lou;�v;�;u;��! plaque deposits and reac-
tive gliosis in the hippocampus compared to controls (Figures 1d 
and S2). Western blot analyses also revealed increased levels of pro- 
degenerative factors, including A!, !- secretase 1 (BACE1), Nicastrin 
(a subunit of the %- secretase complex), TNF- ", and autophagy in the 
hippocampal lysates of the experimental mice (Figures 1e and S2). 
Moreover, to exclude the possibility of a toxic dose effect in the sup-
plementation of vitamin D, we examined the serum 25(OH)D3 levels 
and found that both the WT and AD mice maintained a physiologi-
cal level of 25(OH)D3�-=|;u�v�rrѴ;l;m|-|bom�o=�ѶķƏƓƓՓ�&ņh]�1-Ѵ1b7boѴ�
(Figure S2a).

$���� �ƐՊ�-v;Ѵbm;�1_-u-1|;ubv|b1v�o=�|_;�l-|1_;7�1-Ѵ1b|uboѴ��v;uv�-m7�mom�v;uv

�;=ou;�ruor;mvb|��v1ou;�l-|1_ �=|;u�ruor;mvb|��v1ou;�l-|1_

&v;uv �om�v;uv p�(-Ѵ�;a &v;uv �om�v;uv p�(-Ѵ�;a

N = 20108 N =�ѶƖƕѵѵ N =�ƕƒƑƓ N =�ƕƒƑƓ
Age ƕƓĺƔ�ŐѵĺƔő ƕƒĺƖ�ŐѵĺѶő <.0001 77.0 (5.6) 77.0 (5.6) 1.000

Sex/gender

Female ƐƒķƑƒѵ�ŐѵƔĺѶƑő ƓƐƑƖƔ�ŐƓѵĺƏƏő <.0001 ƓѵƓƒ�ŐѵƒĺƒƖő ƓѵƓƒ�ŐѵƒĺƒƖő 1.000

Male ѵѶƕƑ�ŐƒƓķƏƐѶő ƓѶƓƕƐ�ŐƔƓĺƏƏő ƑѵѶƐ�ŐƒѵĺѵƐő ƑѵѶƐ�ŐƒѵĺѵƐő

Osteoporosis

No Ɛѵķƕƒƒ�ŐѶƒĺƑƑő ѶƐƏƒƔ�ŐƖƏĺƑƕő <.0001 ѵƏƑƒ�ŐѶƑĺƑƓő ѵƏƑƒ�ŐѶƑĺƑƓő 1.000

Yes ƒƒƕƔ�ŐƐѵĺƕѶő ѶƕƒƐ�ŐƖĺƕƒő 1301 (17.76) 1301 (17.76)

Hyperlipidemia

No ƐѵķƖƔƔ�ŐѶƓĺƒƑő ѶƒķƔƔƏ�ŐƖƒĺƏѶő <.0001 ѵƓƑƐ�ŐѶƕĺѵƕő ѵƓƑƐ�ŐѶƕĺѵƕő 1.000

Yes ƒƐƔƒ�ŐƐƔĺѵѶő 6216 (6.92) 903 (12.33) 903 (12.33)

Hypertension

No ѶƏѵƓ�ŐƓƏĺƐő ƔƖķѵƕƕ�ŐѵѵĺƓѶő <.0001 ƑƖѶƐ�ŐƓƏĺƕő ƑƖѶƐ�ŐƓƏĺƕő 1.000

Yes ƐƑķƏƓƓ�ŐƔƖĺƖő ƒƏķƏѶƖ�ŐƒƒĺƔƑő ƓƒƓƒ�ŐƔƖĺƒő ƓƒƓƒ�ŐƔƖĺƒő

Thyroid disorders

No ƐƖķƒƓѶ�ŐƖѵĺƑƑő ѶѶķƖƐѵ�ŐƖƖĺƏƔő <.0001 ƕƑƐƓ�ŐƖѶĺƔő ƕƑƐƓ�ŐƖѶĺƔő 1.000

Yes ƕѵƏ�ŐƒĺƕѶő ѶƔƏ�ŐƏĺƖƔő 110 (1.5) 110 (1.5)

Diabetes

No ƐƓķƐѶѶ�ŐƕƏĺƔѵő ƕѶķƑƒƓ�ŐѶƕĺƐƔő <.0001 5570 (76.05) 5570 (76.05) 1.000

Yes ƔƖƑƏ�ŐƑƖĺƓƓő ƐƐķƔƒƑ�ŐƐƑĺѶƔő ƐƕƔƓ�ŐƑƒĺƖƔő ƐƕƔƓ�ŐƑƒĺƖƔő

Renal disease

No ƐƕķƖѵƓ�ŐѶƖĺƒƓő ѶѶķƔƑƒ�ŐƖѶĺѵƑő <.0001 7016 (95.79) 7016 (95.79) 1.000

Yes ƑƐƓƓ�ŐƐƏĺѵѵő ƐƑƓƒ�ŐƐĺƒѶő ƒƏѶ�ŐƓĺƑƐő ƒƏѶ�ŐƓĺƑƐő

CCI score

Score 0 ƖƏƐѵ�ŐƓƓĺѶƓő ƓƕķƓƑƐ�ŐƔƑĺѶƒő <.0001 ƒƐƓƐ�ŐƓƑĺѶƖő ƒƐƓƐ�ŐƓƑĺѶƖő 1.000

Score 1 ƔƕƏƏ�ŐƑѶĺƒƔő ƐƕķƕƏƓ�ŐƐƖĺƕƑő ƑƏѵƐ�ŐƑѶĺƐƓő ƑƏѵƐ�ŐƑѶĺƐƓő

"1ou;ՓƾՓƑ ƔƒƖƑ�ŐƑѵĺѶƑő ƑƓķѵƓƐ�ŐƑƕĺƓƔő ƑƐƑƑ�ŐƑѶĺƖƕő ƑƐƑƑ�ŐƑѶĺƖƕő

Calcium Prescription

No ƑƖѶѶ 60,062 (66.91) <.0001 ƐƏƔƒ�ŐƐƓĺƒѶő ƐƏƔƒ�ŐƐƓĺƒѶő 1.000

Yes 17,120 ƑƖķƕƏƓ�ŐƒƒĺƏƖő ѵƑƕƐ�ŐѶƔĺѵƑő ѵƑƕƐ�ŐѶƔĺѵƑő

Note: Age was expressed as mean (SD) and others data were expressed as n (%).
aContinuous variables were analyzed using Kruskal– Wallis test, whereas categorical variables (proportions) were analyzed using the chi- square test.
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Mice were then also subjected to the Morris water maze test. 
Mice administered vitamin D displayed worse cognitive functioning 
and performance behavior than the controls (Figure 1f). The results 
of these experiments suggest that over- supplementation of vitamin 
D can exacerbate AD neurodegeneration.

ƒĺƒՊ |Պ(b|-lbm�	�v�rrѴ;l;m|-|bom�;m_-m1;v�momŊ�
];molb1�(	!ņrƔƒ�vb]m-Ѵbm]�bm��ouv;mbm]�0u-bm�
r-|_oѴo]��bm��	�lb1;

It is known that vitamin D normally induces VDR and RXR to com-
bine, allowing the transduction of the genomic vitamin D signal 
(Yasmin et al., 2005). However, it is not known whether this occurs in 
the context of AD. To determine whether vitamin D would enhance 
the VDR/RXR complex formation in cells being exposed to A!ƓƑķ��;�
performed a biochemical study in which we added vitamin D3 to the 
SH- SY5Y cells exposed to A!ƓƑĺ�"�urubvbm]Ѵ�ķ��b|-lbm�	3 treatment 
did not enhance the VDR/RXR interaction in cell exposed to A!ƓƑ�
compared with cells exposed to vitamin D3 only (Figure 2a). This 
result suggested that the A!ƓƑ�blr-bul;m|�o=�|_;�(	!ņ!*!�r-|_-
way was not rescued by vitamin D. Because our previous work had 
demonstrated that A!ƓƑ�v�b|1_;7�(	!�0bm7bm]�r-u|m;u� =uol�!*!�
to p53 to transduce the non- genomic vitamin D signal in AD brain 
(Lai et al., 2021), we wanted to investigate whether the VDR/p53 
complex formation was enhanced by vitamin D. We performed co- 
immunoprecipitation assays and found that the A!- triggered VDR/

p53 complex was indeed further enhanced by the treatment of vita-
min D3 (Figure 2b). Therefore, we continued to investigate whether 
vitamin D supplementation might also lead to a similar consequence 
enhancing VDR/p53 complex in AD mice. Indeed, after dietary sup-
plementation of cholecalciferol for 3 months, APP/PS1 mice were 
found to have enhanced VDR/p53 interaction in the hippocampal 
tissues (Figure 2c). These results suggest vitamin D3 could aggravate 
A!ƓƑŊ�|ub]];7�(	!ņrƔƒ�vb]m-Ѵbm]�ruolo|bm]�m;�uor-|_o];m;vbvĺ

To further investigate whether the aggravation of VDR/p53 path-
way by vitamin D would contribute to brain pathology in AD mice, we 
investigated whether we could reverse the adverse effects of vitamin 
D on AD by administering p53 inhibitor PFT". Indeed, the p53 inhibi-
tor PFT" not only markedly decreased protein levels of p53 and VDR 
but also increased the levels of MDM2, a protein that interacts with 
p53 promoting its degradation (Figure 2d). We also found that PFT" 
decreased their autophagic protein LC3II levels (Figure 2e). Because 
site- specific phosphorylation of p62 has been implicated in the dis-
ruption of autophagy- mediated protein degradation in AD brains, we 
-Ѵvo�l;-v�u;7�"ƒƓƖŊ�r_ovr_ou�Ѵ-|;7�rѵƑ�Ő�Ŋ�"ƒƓƖő�Ѵ;�;Ѵvĺ�);�=o�m7�
rƔƒ� bm_b0b|ouv�_-7�7;1u;-v;7��Ŋ�"ƒƓƖ� Ѵ;�;Ѵvķ��_b1_�-u;�moul-ѴѴ�� bm-
creased in the AD brain (Figure 2e, second panel).

Based on these findings, we believed we would also be able to 
observe improvement in brain lesions. Indeed, Western blot and im-
munohistochemistry studies both revealed significant attenuation 
in A! deposits, BACE activity, reactive gliosis, and neuronal apop-
tosis in the AD brains with vitamin D3 supplementation (Figure 2f– 
h). Finally, we wanted to know whether cognitive functioning and 

 ��&!� �ƓՊ�or�Ѵ-|bomŊ�0-v;7�1o_ou|�v|�7��o=�|_;�-vvo1b-|bomv�0;|�;;m�ubvh�o=�lou|-Ѵb|��-m7�1-Ѵ1b|uboѴ��v;�bm�7;l;m|b-ĺ�Ő-ő�Ѵo��1_-u|�o=�
cohort formation for epidemiological study of association between survival and calcitriol supplementation in patients with pre- existing 
dementia. HV, Registry for catastrophic illness patients; ICD9, International Statistical Classification of Diseases and Related Health 
Problems (ICD) 9; NHIRD, National Health Insurance Research Database; ID, Registry for beneficiaries; RCIP, Registry of Catastrophic Illness 
Patients; Comorbidities including calcium prescription, chronic renal disease, osteoporosis, thyroid, parathyroid disorders, hyperlipidemia, 
hypertension, and Charlson score. (b) The adjusted survival curves among dementia patients with different average dosages of calcitriol. 
The relationship between mortality and calcitriol use was determined by using the Kaplan– Meier survival curves and log- rank tests with a 
=oѴѴo�Ŋ��r�o=��r�|o�ƐƏՓ�;-uv�Őn =�ƖѶƏőĺ�$_;�lo7;Ѵ��-v�-7f�v|;7�=ou�-];ķ�v;�ņ];m7;uķ�1-Ѵ1b�l�ru;v1ubr|bomķ�1_uomb1�u;m-Ѵ�7bv;-v;ķ�ov|;orouovbvķ�
|_�uob7ķ�r-u-|_�uob7�7bvou7;uvķ�_�r;uѴbrb7;lb-ķ�-m7�_�r;u|;mvbomĺ�ŖŖŖpՓ<ՓƏĺƏƏƐ�0���-�bl�l��bh;Ѵb_oo7Ŋ�u-|bo�|;v|�Ő�|uѴ��vĺ�_b]_�1�l�Ѵ-|b�;�
doses with >36.5 mcg/year)



ՊՍՊ |ՊƖ�o=�ƐƒLAI et AL.

performance behavior would also be improved by treatment with a 
p53 inhibitor. Mice that were given the p53 inhibitor showed signif-
icant improvement in the Morris Water Maze test (Figure 2i). Taken 
together, these results suggest that Vitamin D3 supplementation ag-
gravates VDR/p53 pathway in promoting brain pathology in APP/
PS1 mice.

ƒĺƓՊ |Պ(b|-lbm�	�v�rrѴ;l;m|-|bom�bv�-vvo1b-|;7��b|_�
ubvh�o=�7;l;m|b-

Thus, we began to question whether vitamin D supplementation 
would, as has been suggested, be able to decrease the risk of AD. 
To find out, we performed a retrospective population- based study to 
assess the effects of continuous use of an optimal dosage of calcitriol 
on the risk of dementia in older people (Figure 3a). We identified and 
;muoѴѴ;7�ƐƓķѵƓѶ�7;l;m|b-Ŋ�=u;;�r;orѴ;�-];7�o�;u�ѵƔՓ�;-uv��_o�_-7�
or had not been prescribed calcitriol from Taiwan's National Health 
Insurance Research Database (NHIRD) and then followed them for 
ƐƐՓ�;-uv�ŐƑƏƏƏŋ�ƑƏƐƏő�|o�=bm7�o�|�b=�|_;��_-7�u;1;b�;7�-�7b-]movbv�o=�
incident dementia. Most claimants prescribed the vitamin took one 
tablet of calcitriol (0.25 mcg or 0.5 mcg) daily, the suggested opti-
mal daily intake for this vitamin. Frequency matching was performed 
for age, gender, and eight comorbidities (prescriptions for calcium, 
chronic renal disease, osteoporosis, thyroid, diabetes, hyperlipidemia, 
hypertension, and Charlson score) and Cox proportional hazard model 
was used to assess the effects of calcitriol on incident dementia in 
three different dosage groups (Table 1). As can be seen in Figure 3b 
and Table S1, a low cumulative dose of calcitriol (<10.95 mcg/year 
ouՓ<ƓƒĺѶ�1-rv�Ѵ;v�o=�ƏĺƑƔ�l1]�r;u��;-uő�7b7�mo|�-rr;-u�|o�-==;1|�|_;�
bm1b7;m|�7;l;m|b-ĺ��o�;�;uķ�|_ov;�|-hbm]�-�_b]_�Ő-�;u-];Փ>36.5 mcg/
�;-u� ouՓ>ƐƓѵ� 1-rv�Ѵ;v� o=� ƏĺƑƔ�l1]�r;u� �;-uő� -m7�l;7b�l� Ő-�;u-];�
ƐƏĺƖƔŋ�ƒѵĺѵ�l1]ņ�;-u� ou� ƓƒĺѶŋ�ƐƓѵ� 1-rv�Ѵ;v� o=� ƏĺƑƔ�l1]� r;u� �;-uő�
1�l�Ѵ-|b�;� 7ov;� _-7� -� ƐĺѶƏŊ�� -m7�ƐĺƑƕŊ�=oѴ7� bm1u;-v;� bm� ubvh� o=� bm1b-
dent dementia, respectively, compared with nonusers, suggesting a 
potential link between prolonged use of calcitriol and increased risk 
of dementia in older people. Similar effects were also observed in 
the subgroup analysis of sex (Tables S2 and S3). When incidence of 
dementia was compared between sex, it was interesting to note that 
dementia- free females appeared to be more sensitive than dementia- 
free males to calcitriol supplementation (comparing Table S2 with 
Table S3). Similar effects were also observed in the subgroup analysis 
of age (Tables "Ɠ and S5). When incidence of dementia was compared 
between two age groups, dementia- free adults aged 65– 75 showed 
more sensitivity than adults aged 75 or older to vitamin D supple-
mentation (when comparing Table "Ɠ with Table S5).

ƒĺƔՊ |Պ(b|-lbm�	�v�rrѴ;l;m|-|bom�bv�-vvo1b-|;7��b|_�
lou|-Ѵb|��o=�7;l;m|b-

Since vitamin D supplementation led to increased A! depositions 
and exacerbated AD led, we wanted to know whether vitamin D 

supplementation would also increase the risk of mortality in people 
�b|_�ru;Ŋ�;�bv|bm]�7;l;m|b-ĺ�);� b7;m|b=b;7�ƖѶƏ�r-|b;m|v�7b-]mov;7�
with dementia who were and were not prescribed calcitriol in the 
NHIRD and followed them over a 11- year period (2000– 2010) 
(Figure Ɠ-). They were frequency matched for similar distributions 
in age, gender, and eight comorbidities (Table 2). The dementia pa-
tients prescribed a high cumulative dose of calcitriol (>ƐƓѵ�1-rv�Ѵ;v�
of 0.25 mcg per year) were found to have a 2.17- fold increase in risk 
of death, compared with those not prescribed the drug (Figure Ɠ0 
and Table S6). We found no significant difference in mortality 
-lom]� |_ov;� |-hbm]� l;7b�l� 7ov;v� ŐƓƒĺѶŋ�ƐƓѵ� 1-rv�Ѵ;vņ�;-uő� ou�
low cumulative doses (<ƓƒĺѶ�1-rv�Ѵ;vņ�;-uőķ�1olr-u;7��b|_�mom�v-
ers (Figure Ɠ0 and Table S6). Similar effects were also observed in 
the subgroup analysis of sex (Tables S7 and "Ѷ). When survival was 
compared between sex, females with pre- existing dementia showed 
worse survival than males with pre- existing dementia in response 
to calcitriol supplementation (comparing Table S7 with Table "Ѷ). 
When survival was compared between two age groups, the pre- 
existing dementia adults aged 75 and older showed worse survival 
than the aged 65– 75 adults with pre- existing dementia to calcitriol 
supplementation (when comparing Table S9 with Table S10). Taken 
together, these animal model and population- based results support 
the conclusion that vitamin D supplementation aggravates the pro-
gression of AD.

ƓՊ |Պ	�"�&""�"

The level of VDR is usually positively associated with the serum level 
of 25(OH)D3 in healthy adults (Medeiros et al., 2020). Normally, 
when VDR is inactivated, the serum 1,25(OH)2D3 levels will be in-
creased to maintain homeostasis. However, a converse relation-
ship between vitamin D concentration and VDR levels can be seen 
when the 1,25(OH)D3- VDR signaling pathway is impaired during the 
pathogenesis of chronic diseases. In line with this notion, the find-
ings of this study using an AD mouse model suggest that vitamin 
D deficiency may be actually more of an early feature or an out-
come of AD than a cause of the disease. Other studies report find-
ings that may also support this notion. Older African- Americans are 
two to three times more likely to develop AD than elderly whites 
(Alzheimer's's, ƑƏƐƓ; Amadori et al., 2017), while the African- 
Americans have higher mean VDR levels (Amadori et al., 2017; Neill 
et al., 2013; Richards et al., 2017) but much lower serum levels of 
vitamin D (Dawson- Hughes, ƑƏƏƓ). Another example of the con-
verse relationship between vitamin D concentration and VDR levels 
has been reported in patients with insulin resistance and obesity, 
who have been found to have deficient levels of vitamin D on the 
one hand but increased levels of VDR in adipose tissue on the other 
(Kang et al., 2015). Future studies may want to explore whether the 
decrease of vitamin D is actually a common pathological response 
that occurs in many aging- associated diseases, because, in addition 
to AD, patients with vascular disease, thyroid disorders, and osteo-
porosis are likely to have decreased levels of serum vitamin D and, 
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of course, be at higher risk for dementia (Autier et al., ƑƏƐƓ; Duthie 
et al., 2011).

The findings of our animal experiments also suggest that the 
prolonged vitamin D supplementation might actually exacerbate 
AD. To try to understand how vitamin D might have an adverse ef-
fect on development and progress of AD, we explored how the VDR 
pathway might somehow be involved. In our exploration, we found 
the vitamin D did not rescue the canonical VDR- RXR pathway but 
instead further exacerbated the non- genomic VDR/p53 complex in 
causing damage to AD brains. The results of our mechanistic analysis 
are important as we try to clarify why supplementation with vitamin 
D may not be the best way to address vitamin D deficiency with AD 
and may not protect older people from dementia.

Importantly, the epidemiological studies that we performed 
using two nationwide longitudinal cohorts also supported our find-
ing that prolonged supplementation of vitamin D3 had adverse ef-
fect in AD. We found that long- term supplementation of vitamin D 
did not have any benefit on dementia and, it is likely that it increased 

the risk of dementia in older people and increased mortality in peo-
ple with dementia. This large- scale cohort finding is important in 
that it helps bring into question the wisdom behind the assumption 
that AD- associated vitamin D deficiency necessitates need for vi-
tamin D supplementation among older people seeking protection 
from dementia. These findings, however, do not preclude the po-
tential clinical benefit of vitamin D supplementation on lower AD 
risk in younger or middle- aged people before the disease has taken 
its toll and before AD damage has become irreversible. Supporting 
this notion, several animal studies have reported that starting vita-
min D supplementation at very early stage of disease in AD mice, 
when amyloid plaques are far from being developed, may benefit AD 
(Landel, Millet, et al., 2016b; Morello et al., ƑƏƐѶ; Wong et al., 2021; 
Yu et al., 2011). Therefore, timing of supplementation is perhaps an 
important factor to consider. Accordingly, it may be more prudent to 
discourage older adults or individuals with dementia from long- term 
vitamin D supplementation until large careful clinical trials are per-
formed to prove otherwise.

&v;uv�Ő7ov-];�Ől1]ņ�;-uőő �om�v;uv p�(-Ѵ�;a

>ƒѵĺƔ�Őn =�ѵƒő 10.95– 36.5 
Őn =�ѵƓő

2.5– 10.95 
Őn =�ѵƖő

Őn =�ƕѶƓő

Sex/gender

Female ƓƑ�Őѵѵĺѵƕő ƓƓ�ŐѵѶĺƕƔő Ɠƕ�ŐѵѶĺƐƑő ƔƒƑ�ŐѵƕĺѶѵő 0.9955

Male 21 (33.33) 20 (31.25) ƑƑ�ŐƒƐĺѶѶő ƑƔƑ�ŐƒƑĺƐƓő

Age ѶƏĺƏՓ±ՓƕĺƏ ƕƖĺƓՓ±ՓѵĺƐ ƕѶĺƖՓ±ՓѵĺƓ ƕƖĺƒՓ±Փѵĺƒ ƏĺѵѶƏƐ

Calcium prescription

No ƐѶ�ŐƑѶĺƔƕő ƐƔ�ŐƑƒĺƓƓő ƐѶ�ŐƑѵĺƏƖő ƑƏƓ�ŐƑѵĺƏƑő 0.9329

Yes ƓƔ�ŐƕƐĺƓƒő ƓƖ�ŐƕѵĺƔѵő 51 (73.91) ƔѶƏ�ŐƕƒĺƖѶő

Renal disease

No ƒƓ�ŐƔƒĺƖƕő ƒƕ�ŐƔƕĺѶƐő Ɠƕ�ŐѵѶĺƐƑő ƓƕƑ�ŐѵƏĺƑƏő 0.395

Yes ƑƖ�ŐƓѵĺƏƒő Ƒƕ�ŐƓƑĺƐƖő ƑƑ�ŐƒƐĺѶѶő ƒƐƑ�ŐƒƖĺѶƏő

Thyroid disorder

No ѵƐ�ŐƖѵĺѶƒő ѵƓ�ŐƐƏƏĺƏƏő 69 (100.00) ƕƕѵ�ŐƖѶĺƖѶő ƏĺƑƒƓƑ

Yes 2 (3.17) 0 (0.00) 0 (0.00) Ѷ�ŐƐĺƏƑő

Osteoporosis/osteopenia

No 32 (50.79) ƒƏ�ŐƓѵĺѶѶő ƑѶ�ŐƓƏĺƔѶő ƒѵƏ�ŐƓƔĺƖƑő 0.7012

Yes ƒƐ�ŐƓƖĺƑƐő ƒƓ�ŐƔƒĺƐƒő ƓƐ�ŐƔƖĺƓƑő ƓƑƓ�ŐƔƓĺƏѶő

Charlson comorbidity score

Score 0– 2 19 (30.16) 16 (25.00) 27 (39.13) ƑƓѶ�ŐƒƐĺѵƒő 0.7173

"1ou;�ƒŋ�Ɠ 21 (33.33) Ƒѵ�ŐƓƏĺѵƒő 23 (33.33) ƑѶƏ�ŐƒƔĺƕƐő

"1ou;ՓƾՓƔ 23 (36.51) ƑƑ�ŐƒƓĺƒѶő ƐƖ�ŐƑƕĺƔƓő 256 (32.65)

Hyperlipidemia

No Ɠƕ�ŐƕƓĺѵƏő Ɠƒ�ŐѵƕĺƐѶő ƓƔ�ŐѵƔĺƑƑő ƔƓƏ�ŐѵѶĺѶƖő ƏĺѵѶѵƖ

Yes Ɛѵ�ŐƑƔĺƓƏő ƑƐ�ŐƒƑĺѶƐő ƑƓ�ŐƒƓĺƕѶő ƑƓƓ�ŐƒƐĺƐƑő

Hypertension

No 13 (20.63) 13 (20.31) ƐƔ�ŐƑƐĺƕƓő ƐѵƓ�ŐƑƏĺƖƑő 0.9975

Yes 50 (79.37) 51 (79.69) ƔƓ�ŐƕѶĺƑѵő ѵƑƏ�ŐƕƖĺƏѶő

Note: Data were expressed as n (%).
aContinuous variables were analyzed using Kruskal– Wallis test, whereas categorical variables 
(proportions) were analyzed using the chi- square test.

$���� �ƑՊ�-v;Ѵbm;�1_-u-1|;ubv|b1v�o=�|_;�
matched calcitriol users and nonusers in 
the survival of dementia cohort
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This cohort study has some limitations. One limitation is that it 
is a cross- sectional study and so a causal relationship between long- 
term vitamin D supplementation and increased risk of dementia can-
not be firmly established. Another limitation of the present study is 
the lack of generalizability of our findings to other racial and ethnic 
groups. Finally, the implications of vitamin D deficiency for many 
other chronic diseases also need to be further investigated by ex-
ploring the mechanistic link of initiation of vitamin D deficiency and 
its causality in those diseases.

Vitamin D is also known the sunshine vitamin because it is 
synthesized in our skin during exposure to sunlight. This seem-
ingly super nutrient was initially recognized as a key regulator of 
calcium homeostasis in maintaining bone integrity. Its use has been 
expanded to cover a wide range of body functions from early life 
to old age, because a large number of observational studies have 
demonstrated that a deficiency in vitamin D has been associated 
with many disorders throughout the body, including not only oste-
oporosis and fractures but also heart disease, high blood pressure, 
COVID- 19 infection, immune system disorders, cancer, stroke, and 
v;�;u-Ѵ�l;|-0oѴb1� 7bvou7;uv� Ő�oѴb1h�ş��_;mķ�ƑƏƏѶ; Pereira- Santos 
et al., 2015). The hormonal- like vitamin D exerts a neuroprotective 
role through genomic action (Brewer et al., 2001). Specifically, vi-
tamin D metabolite 1,25(OH)2D3 binds to VDR to confer transcrip-
tional activity in the nucleus. However, the results of the current 
study suggest supplementation of vitamin D may actually worsen 
brain health in older adults whose blood levels of vitamin D are low. 
While this finding in surprising, a more interesting research topic 
would be the mechanism through which vitamin D supplementa-
tion worsens the effect of vitamin deficiency. It is possible that 
the vitamin D- dependent genomic signaling is impaired in patients 
with dementia. VDR is also known to act as an important regula-
tor of xenobiotic metabolism in a vitamin D- independent manner 
(Krasowski et al., 2011ĸ�!;v1_Ѵ��ş��u-vo�vhbķ�2006). Thus, it could 
be that dementia- related toxic amyloid formation elicits xenobiotic 
responses through non- genomic VDR signaling. Supporting this hy-
pothesis, our study using AD mouse model suggests that the non- 
genomic VDR/p53 signaling is further activated in AD brains and 
contributes to neuronal apoptosis. We, therefore, believe the find-
ings of this longitudinal cross- sectional study, which is supplemen-
tation vitamin D exacerbates dementia, may better align with our 
hypothesis that non- genomic VDR signaling might contribute to the 
promotion of dementia.

In conclusion, the results of the current study suggest supple-
mentation of vitamin D may increase the risk of dementia in older 
adults and increase the risk of mortality in older adults with pre- 
existing AD whose blood levels of vitamin D are low. Until our find-
ings are proved otherwise, the use of vitamin D supplementation to 
prevent dementia should be reconsidered.
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