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Abstract: Objective: To explore the molecular mechanism underlying the effect of maternal vitamin D (Vit D) supple-
mentation before pregnancy in advanced maternal age (AMA) mice on the offspring’s cognitive function. Meth-
ods: Thirty-two-week-old female mice either received 10 IU/g body weight vitamin D3 dissolved in 200 μl corn oil 
(32W+VD group), or 200 μl corn oil (32W group) per day for one week. Another group of eight-week-old female mice 
received the same amount of corn oil as 32W group was set as normal reproductive age control (8W group). Then 
the three groups of female mice were mating with ten-week-old male mice at 2:1 ratio, the offspring were weaned at 
the age of 3 weeks and housed until the age of 6 weeks. Vit D metabolites and enzymes involved in Vit D metabolism 
were measured in both mothers and their offspring. Vit D receptor (VDR) and synaptic markers were determined in 
the offspring hippocampus. Vit D response elements in HIF-1α promoter were predicted, and VDR transcriptional 
target genes and related signaling molecules were also detected. Results: Vit D intervention markedly improved 
the serum 1,25 dihydroxy vitamin D3 (1,25(OH)2D3) concentration in early pregnancy, middle pregnancy and late 
pregnancy stages in AMA mice. The hippocampal 1,25(OH)2D3 levels in the offspring showed the similar pattern. 
Subsequently, the expression of Cyp27b1, the gene encoding enzyme that converts 25(OH)D3 to 1,25(OH)2D3, in the 
hippocampus of the offspring from AMA mice was significantly lower than that of the offspring from normal female 
mice, and was restored by Vit D supplementation. VDR (Vit D receptor), which mediates the cellular actions of active 
1,25(OH)2D3, was also rescued by Vit D supplementation, especially in dentate gyrus (DG) region of hippocampus. 
Concurrently, the synaptic markers NR1, NR2A, and PSD-93 in the hippocampus were reversed in 32W+VD group. 
Finally, we found that Vit D supplementation may affect PI3K-AKT, PLC-ERK1/2, and p38-MAPK signaling molecules 
by mediating HIF1α expression via VDR. Conclusion: Our findings highlight the biological significance of maternal Vit 
D supplementation before pregnancy on Vit D metabolism, and signaling molecules in the offspring, underlying the 
potential mechanism of the cognitive impairment in the offspring born to AMA mice.
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Introduction

Vitamin D (Vit D) is of great concern for public 
health since Vit D deficiency is common and 
associated with various diseases [1-3]. In addi-
tion, maternal Vit D insufficiency is proved to 
have a negative impact on the offspring brain 
development [4-6]. Meanwhile, maternal Vit D 
supplementation is associated with a reduced 
risk of small for gestational age (SGA) and 
improved infant growth, while the effects on 

offspring brain development and cognitive func-
tion are less discussed [7].

Studies have shown that childbearing age over 
35 years in women has an important impact on 
the development of offspring’s cognition and 
mental behavior [8-11]. Compared with adults, 
pregnant and lactating women have elevated 
prevalence of Vit D deficiency [12]. In our previ-
ous work, we found that offspring born to mice 
with advanced maternal age (AMA) had impaired 
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spatial learning and memory when compared 
with offspring born to mice with normal repro-
ductive age, and maternal Vit D supplementa-
tion before pregnancy rescued the impairment. 
Nevertheless, the molecular mechanism is still 
unclear yet.

Vit D has to be activated through enzymatic 
hydroxylation to 25(OH)D3 by Cyp27a1 in the 
liver and subsequently to 1,25(OH)2D3 (bioac-
tive form of VitD) by Cyp27b1 in the kidney [13, 
14]. 1,25(OH)2D3, acting as a fat-soluble hor-
mone with a variety of biological activities, now 
is considered as a neurosteroid involved in neu-
rogenesis, behavioral function, and neuropro-
tection [15].

Only when 1,25(OH)2D3 and VDR bound togeth-
er are various transcription factors attached to 
this complex, resulting in changes in expres-
sion of various genes [16, 17]. Mice with VDR 
knockout showed severe impairments in the 
behavior function [18]. Important polymor-
phisms in the VDR gene are proved to be asso-
ciated with risk of mild cognitive impairment 
and longitudinal cognitive changes [19-21]. The 
typical effect of Vit D/VDR signaling is known 
as bone homeostasis. Previous studies report-
ed that Vit D/VDR inhibits oral epithelia inflam-
mation by regulating HIF-1α signaling [22], pro-
motes re-endothelialization and restores im- 
paired angiogenesis in the femoral artery liga-
tion model by increased HIF-1α [23]. Maintain- 
ing the HIF-1α level is effective to attenuate the 
nerve damage [24]. In particular, HIF-α expres-
sion changes can activate or inhibit PI3K/Akt/
mTOR pathway which is related to cognitive 
function [25-27].

With this study, we aim to investigate the role of 
Vit D/VDR signaling in genes expression relat-
ed to behavioral and brain functions in the off-
spring born by AMA mice.

Materials and methods

Animal model

SPF (specific pathogen free) grade C57BL/6J 
mice were purchased from Hubei Provincial 
Center for Disease Control and Prevention, 
(license#: SCXK (E) 2015-0018, animal qua- 
lity certificate#: 4200006000031051, 4200- 
0600030394). All animals were housed at 

25±2°C, humidity of 60±2% and 12-hour light-
dark cycle, and mice were adapted to the ex- 
perimental environment for one week before 
Vit D supplementation. Animals had free acce- 
ss to standard laboratory chow diet and water. 
The thirty-two-week-old virgin female mice were 
randomly allocated into two groups: mice in 
32W+VD group received 10 IU/g body weight 
vitamin D3 dissolved in 200 μl corn oil per day 
for consecutive 7 days by gavage, while mice in 
32W group received 200 μl corn oil. The eight-
week-old virgin female mice received the same 
treatment as the 32W group. All female mice 
were mated with ten-week-old male mice at 2:1 
ratio after 7 days treatment. Successful mating 
was confirmed by the presence of a vaginal 
plug and the day was recorded as pregnancy 
(P0.5). At least five mice at each stage of preg-
nancy (early-before P6, middle-P6-12, and late-
P13-18) were sacrificed by cervical dislocation, 
and blood was collected for serum preparation. 
The offspring were weaned at 3 weeks old and 
continued to feed on normal chew for further 5 
weeks. Three of young adult offspring in each 
group were first perfused with cold PBS and 
then with 4% paraformaldehyde (PFA) before 
brain dissection. The brains were removed and 
immersed in formalin for 24 h, paraffin embed-
ded, and sectioned. The rest of young adult 
mice were anesthetized by diethyl ether, the 
eyeballs were removed, and blood samples 
were collected for serum preparation. The mice 
were sacrificed, and the hippocampi were dis-
sected, immediately frozen and stored at  
-80°C for further analysis. All experimental  
protocols involving the use of animals were 
approved by the committee of the Ethics of 
Animal Experiments of the Wuhan University 
School of Medicine in accordance with the reg-
ulation of Guide for the Care and Use of 
Laboratory Animals published by the US 
National Institution of Health.

Q-PCR analysis

Trizol (Life, USA) was adopted to extract total 
RNA of hippocampal tissue at 8 weeks of off-
spring in 3 groups. qPCR was conducted in the 
StepOne™ Real-Time PCR System (ABI, Singa- 
pore) using SYBR® Premix Ex Taq II (TaKaRa, 
Japan) and the gene-specific primers. β-actin 
was used as an endogenous control. The rela-
tive expression of RNA was calculated using 
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Table 1. The primer sequences used in this experiment
Gene Forward primer Reverse primer
β-actin 5’CTGTCGAGTCGCGT3’ 5’GATACCTCTCTTGCTCTGGGC3’
AKT 5’AAGGACGGTGCCACTATGAA3’ 5’TCCTGGTTGTAGAAGGGCAG3’
BDNF 5’GACAGCCTGTATCCGACCCTC3’ 5’ATCAGTTTGTTCGGCTCCACT3’
Cyp27a1 5’AAGGGCCTCACCTATGGGAT3’ 5’CACCTGGTCCCCTGATTCAC3’
Cyp27b1 5’GCCGAGACTGGGATCAGATG3’ 5’TGATGCCCAGACGGCATATC3’
ERK1 5’GGACCAGCTCAACCACATTC3’ 5’ATGCGCTTGTTTGGGTTGAA3’
ERK2 5’TCCTTTTTGAGCACCAGACCT3’ 5’AAAGGTCCGTCTCCATGAGG3’
FGF 5’CGGTTGTGTACGAAGTCCCA3’ 5’CTTCAACACAAAGCAGGGGC3’
HIF1α 5’CTTGACAAGCTAGCCGGAGG3’ 5’TCGACGTTCAGAACTCATCCT3’
IL-2 5’CCAAGGGCTCAAAAATG3’ 5’GCGCTTACTTTGTGCTGTCC3’
NR1 5’CCCCAGTGCTGTTATGGCTT3’ 5’TGTTTACCCGCTCCTGTGTG3’
NR2A 5’TTCTGAAACCTCAAGCCGGG3’ 5’TCCCTGGGAGAACTTGCTTT3’
p38 5’ACAACATCGTGAAGTGCCAG3’ 5’TCTCATCATCAGTGTGCCGA3’
PI3K 5’AATGCACGGCGATTACACTC3’ 5’GGACACTGGGTAAGAGCAACT3’
PSD-93 5’GTTACAAGTCGCCCAGCTCT3’ 5’TCTAGTTTAATCGCCCGGTCA3’
VDR 5’GTGCAGCGTAAGCGAGAGAT3’ 5’GGATGGCGATAATGTGCTGTTG3’
VEGF 5’GAGAACTGGGCTCTGTG3’ 5’ATGGAGAAAATCGCCAGGCA3’
AKT, thymoma viral proto-oncogene 1; BDNF, brain derived neurotrophic factor; Cyp27a1, cytochrome P450 family 27 subfam-
ily A member; Cyp27b1, cytochrome P450 family 27 subfamily B member; ERK1, mitogen-activated protein kinase 3; ERK2, 
mitogen-activated protein kinase 1; FGF, fibroblast growth factor 1; HIF1α, hypoxia-inducible factor 1 alpha; IL-2, interleukin 
2; NR1, glutamate receptor, NMDA1 (zeta 1); NR2A, glutamate receptor, NMDA2A (epsilon 1); p38, mitogen-activated protein 
kinase 14; PI3K, phosphoinositide-3-kinase regulatory subunit 1; PSD-93, Post Synaptic Density 93; VDR, vitamin D receptor; 
VEGF, vascular endothelial growth factor A.

2-ΔΔCt method. All primers used in q-PCR analy-
ses were described in Table 1.

Western blotting analysis

Whole hippocampal lysates of offspring in each 
group were prepared by RIPA buffer, and then 
the protein concentration was detected by BCA 
Protein Assay kit (Beyotime, China). 30 µg of 
protein was separated by SDS-PAGE and then 
transferred to a pre-activated Polyvinylidene 
Fluoride membrane (PVDF). The membrane 
was blocked for 1 h in TBST buffer (TBS con-
taining 0.1% Tween 20) containing 5% non-fat 
dry milk followed by an overnight incubation 
with primary antibody. β-actin (GB11001, 
1:2000) was purchased from Servicebio Com- 
pany. VDR (ab3508, 1:500), Cyp27a1 (ab126- 
785, 1:500) and Cyp27b1 (ab206655, 1:500) 
were purchased from Abcam Company. PSD- 
93 (BM5488, 1:200), NR1 (A01808, 1:200) 
and NR2A (BA0613, 1:500) were purchased 
from Boster Company. After extensive washing, 
the blot was incubated with secondary anti- 
body overnight, and finally, the membranes 
were washed thrice with TBST and visualized by 
BeyoECL Moon kit (Beyotime, China). Imaging 
was then performed using an Alpha Imager HP 

(NatureGene Corp, USA) and Quantity One soft-
ware was used to quantify the bands’ gray- 
scale.

ELISA assay

The serum from maternal and offspring, and 
the hippocampal lysates from offspring were 
used for ELISA assay. Vitamin D3 (vitamin D3) 
pre-coated ELISA kit (CEA920Ge), 25-Hy- 
droxyvitamin D3(25(OH)D3) pre-coated ELISA  
kit (CEA915Ge) and 1,25-Dihydroxyvitamin 
D3(1,25(OH)2D3) pre-coated ELISA kit (CEA46- 
7Ge) were used to detect the concentration of 
Vitamin D, 25(OH)D3 and 1,25(OH)2D3 respec-
tively, following the manufacturer’s protocol.

Immunohistochemistry

Formalin-fixed, paraffin-embedded sections 
were deparaffinized in xylene, rehydrated in 
alcohol, and subsequently, these sections were 
subjected to antigen retrieval. Then, the sec-
tions were incubated overnight in a humid 
chamber at 4°C with antibody against VDR 
(ab3508, 1:500) followed by secondary anti-
body for 30 min. Immunocomplexes of horse-
radish peroxidase were visualized by DAB reac-
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opment [32]. In our study, maternal serum 
1,25(OH)2D3 concentration in 32W group mark-
edly decreased during early, middle and late 
stages of pregnancy (Figure 2C), while the 
serum vitamin D3 (Figure 2A) and 25(OH)D3 
(Figure 2B) concentration showed no signifi-
cant difference, compared with 8W group. Ma- 
ternal Vit D supplementation before pregnancy 
retrieved serum 1,25(OH)2D3 levels during the 
entire pregnancy (Figure 2C), though it did not 
exert significant effect on serum vitamin D3 
(Figure 2A) and 25(OH)D3 (Figure 2B) levels, 
when compared with 32W group. The similar 
patterns of serum 1,25(OH)2D3, vitamin D3 and 
25(OH)D3 concentration in the offspring were 
also observed (data not shown).

To investigate the close link between vitamin D 
and the ability of learning and memory, we fur-
ther analyzed vitamin D metabolites in hippo-
campus of the young adult mouse, and found 
that the offspring born to AMA mice had lower 
1,25(OH)2D3 level, but the 1,25(OH)2D3 concen-
tration (Figure 2D) became higher when AMA 
mice received Vit D intervention, while vitamin 
D3 and 25(OH)D3 remained unchanged among 
three groups.

With the data above, we speculate that in- 
creased hippocampal 1,25(OH)2D3 concentra-
tion by maternal Vit D supplementation before 
pregnancy may contribute to the synaptic con-
nection which leads to the offspring’s cognitive 
improvement.

Maternal Vit D supplementation elevated 
Cyp27b1 expression in the offspring’s hippo-
campus

Vitamin D is hydroxylated to 25(OH)D3 by Cyp- 
27a1 (25-hydroxylates vitamin D) in the liver 
and subsequently to 1,25(OH)2D3 by Cyp27b1 
(vitamin D 1α-hydroxylase) in the kidney [13, 
33]. Although renal 1α-hydroxylase is a key 
enzyme, and rate limiting step of circulating 
1,25(OH)2D3 levels, many other organs, such as 
brain, are also able to express 1α-hydroxylase 
and convert 25(OH)D3 to its active form [34]. 
Substantial elevation of 1,25(OH)2D3 in the off-
spring’s hippocampus prompted us to specu-
late the enzymatic hydroxylation for local pro-
duction and breakdown of 1,25(OH)2D3. We 
found that both mRNA and protein expres-
sionss of hippocampal Cyp27b1, not Cyp27a1, 

tion, and sections were counterstained with 
hematoxylin before mounting.

VDR binding sites prediction in HIF-1α pro-
moter

Nuclear receptor VDR regulates transcription of 
target genes by binding to specific DNA se- 
quences (response elements), and 1,25(OH)2D3 
response elements are composed of repeats  
of Pug (G/T) TCA motifs. Therefore, the promo-
tor of HIF-1α was identified by NCBI (http://
www.ncbi.nlm.nih.gov/gene/) and the potential 
binding sites of VDR were predicted by the 
online database JASPAR (http://jaspar.genereg.
net/).

Statistical analysis

Continuous variables were expressed as mean 
± standardize deviation, and two-sample t test 
was applied for comparison between two gr- 
oups. The difference between 32W group and 
8W group was evaluated to measure the effect 
of maternal age, while the difference between 
32W+VD group and 32W group was evaluated 
to explore the effects of vitamin D intervention 
before pregnancy for mice with AMA. Values of 
P<0.05 were considered significant. All analy-
ses were performed in SPSS 19.0.

Results

Maternal Vit D supplementation rescued the 
decreased expression of synaptic markers in 
the offspring’s hippocampus

NR1 and NR2A are critical subunits of NMDA 
receptors, responsible for synaptic plasticity 
and memory consolidation [28]. Postsynaptic 
density 93 (PSD-93) controls synaptic trans-
mission as a scaffolding protein [29, 30]. In  
our study, the offspring born to AMA mice had 
lower NR1 (Figure 1A, 1D), NR2A (Figure 1B, 
1E) and PSD-93 (Figure 1C, 1F) expression in 
their hippocampi, but the expression patterns 
were reversed when the AMA mother received 
Vit D intervention before pregnancy, consistent 
with our previous findings in behavioral tests 
[31].

Maternal Vit D supplementation before preg-
nancy increased 1,25(OH)2D3 concentration in 
the offspring born to AMA mice

Previous studies showed that maternal Vit D 
depletion impaired the offspring’s brain devel-
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Figure 1. Vitamin D supplementation rescued the decreased learning and memory related genes expression in the 
hippocampus of offspring born to AMA mice. A. Offspring born to 32W+VD and 8W group had elevated hippocampus 
NR1 mRNA expression than that born to 32W group. B. Offspring born to 32W+VD and 8W group had elevated hip-
pocampus NR2a mRNA expression than that of offspring born to 32W group. C. Offspring born to 32W+VD and 8W 
group had elevated hippocampus PSD-93 mRNA expression than that of offspring born to 32W group. D. Offspring 
born to 32W+VD and 8W group had elevated hippocampus NR1 protein expression than that of offspring born 
to 32W group. E. Offspring born to 32W+VD and 8W group had elevated hippocampus NR2a protein expression 
than that of offspring born to 32W group. F. Offspring born to 32W+VD and 8W group had elevated hippocampus 
PSD-93 protein expression than that of offspring born to 32W group. All data are shown as mean ± SD, **P<0.01, 
***P<0.001, ****P<0.0001.

were significantly reduced in the offspring born 
to AMA mice (Figure 3B, 3D), while maternal  
Vit D supplementation rescued the reduced 
Cyp27b1 level when comparing with their coun-

terparts. Therefore, Cyp27b1 may play a vital 
role in 1,25(OH)2D3 production, resulting in sig-
nificant elevation of hippocampal 1,25(OH)2D3 
in the offspring.
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Figure 2. Advanced maternal age decreased maternal serum 1,25(OH)2D3 concentration and offspring hippocampal 
1,25(OH)2D3 concentration while vitamin D supplementation before pregnancy rescued the effect. A. No significant 
difference in vitamin D3 was found between 32W+VD and 32W group, so was that between 8W and 32W group. B. 
No significant difference in 25(OH)D3 was found between 32W+VD and 32W group, so was that between 8W and 
32W group. C. Serum 1,25(OH)2D3 concentration in the 32W+VD and 8W group was significantly higher than that 
in the 32W group. D. Offspring hippocampal 1,25(OH)2D3 concentration in the 32W+VD and 8W group was signifi-
cantly higher than that in the 32W group, but no significant differences in vitamin D3 and 25(OH)D3 were found. All 
data are shown as mean ± SD, ns P>0.05, *P<0.05, **P<0.01.

Maternal Vit D supplementation rescued the 
decreased expression of VDR in the offspring’s 
hippocampus

1,25(OH)2D3 exerts the various biological func-
tions through binding to VDR [16, 17]. There- 
fore, we conducted q-PCR, western blotting and 
immunohistochemistry to measure VDR expres-
sion in the offspring’s hippocampi. We observed 
VDR immunoactivity throughout the hippocam-
pus, and the overall VDR expression decreased 

due to AMA (Figure 4A, 4B), especially in the 
dentate gyrus area (Figure 4C). After AMA mice 
received Vit D intervention before pregnancy, 
the hippocampal VDR expression in their off-
spring was elevated significantly, indicating the 
existence of rescued effect.

Vit D/VDR may regulate neural signaling mol-
ecules by HIF-1α signaling

Experimental studies indicated that Vit D/VDR 
has protective effect on brain function by regu-
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Figure 3. Cyp27b1 expression in the offspring’s hippocampus led to significant hippocampus 1,25(OH)2D3 expres-
sion difference. A. No significant difference in the offspring’s hippocampus Cyp27a1 mRNA expression was found 
between offspring born to 32W+VD and 32W group, so was that between 8W and 32W group. B. Offspring born to 
32W+VD and 8W group had elevated hippocampal Cyp27b1 mRNA expression than that of offspring born to 32W 
group. C. No significant difference in the offspring’s hippocampus Cyp27a1 protein expression was found between 
offspring born to 32W+VD and 32W group, so was that between 8W and 32W group. D. Offspring born to 32W+VD 
and 8W group had elevated hippocampal Cyp27b1 protein expression than that of offspring born to 32W group. All 
data are shown as mean ± SD, ns P>0.05, *P<0.05, **P<0.01.

lating angiogenesis, vascular regeneration and 
anti-inflammatory [35]. We found that Vit D 
intervention in AMA mice promoted VEGF (Va- 
scular Endothelial Growth Factor), but not BD- 
NF (Brain-Derived Neurotrophic Factor) and IL-2 
expression in the offspring’s hippocampus 
(Figure 5A).

VEGF is a key target gene of HIF-1α [36], and 
knockdown of HIF-1α significantly exacerbates 
the cognitive impairment in rat model of chron-
ic cerebral hypoperfusion [37]. Furthermore, Vit 
D/VDR suppresses inflammation in oral epithe-

lia by regulating HIF-1α [38]. The above proofs 
prompted us to hypothesize that Vit D/VDR may 
regulate HIF-1α in mouse hippocampus.

We identified two possible VDR binding sites in 
HIF-1α promoter (Figure 5B) by bioinformatics 
prediction, suggesting that HIF-1α is a tran-
scriptional target of 1,25(OH)2D3. The putative 
binding sequences are CAGTTCACAAAATTTA 
and AGGTTCAGTGAGTGTC at +644 and -1501, 
respectively.

We then found that Vit D supplementation in 
AMA mice did rescue the offspring’s hippocam-
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Figure 4. Vitamin D supplementation rescued the decreased expression of VDR in the offspring’s hippocampus 
due to AMA. A. Offspring born to 32W+VD and 8W group had elevated hippocampus VDR mRNA expression than 
that of offspring born to 32W group. B. Offspring born to 32W+VD and 8W group had elevated hippocampus VDR 
protein expression than that of offspring born to 32W group. C. Immunochemistry showed that VDR expressed in the 
nucleus, and offspring born to 32W+VD and 8W group had elevated hippocampus VDR protein expression than that 
of offspring born to 32W group. All data are shown as mean ± SD, **P<0.01, ***P<0.001, ****P<0.0001.

pal HIF-1α mRNA level, which is similar to VDR 
expression (Figure 5C).

PI3K-AKT, p38-MAPK and PLC-ERK1/2 path-
ways are related to neural system and proved 
to be correlated with VEGF [39-41]. Therefore, 
we measured the expression of these signaling 
molecules in the offspring hippocampus, and 
the results showed that the offspring born to 
AMA mice with Vit D supplementation before 
pregnancy had higher PI3K, AKT, ERK1, and 
ERK2 expression, while p38 expression was 
suppressed (Figure 5D).

Based on the above findings, we had a belief 
that Vit D/VDR may regulate PI3K-AKT and PLC-
ERK1/2 pathways by modulating HIF-1α/VEGF 
expression, resulting in learning and memory 
function improvement.

Discussion

Previous studies had shown that pregnant 
women with AMA tend to have a lower 25(OH)D3 
concentration and higher percentage of vita-
min D deficiency [42, 43]. Our results from ani-
mal study also confirmed the above findings 
[31]. Studies identified the distribution of Vit D 
metabolic enzymes and VDR in the central ner-
vous system, indicating the role of VDR in the 
cognitive function [44], and VDR is essential for 
biological activities of 1,25(OH)2D3. Vit D has 
great impacts on the proliferation, growth, and 
differentiation of neurons in fetal hippocampus 
[45], and protects normal development of cog-
nitive functions [46]. In the present study, we 
demonstrated that Vit D supplementation 
before pregnancy not only elevated serum 
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Figure 5. Vitamin D supplementation regulated HIF-1α signaling in the off-
spring’s hippocampus. A. Vit D intervention in AMA mice promoted VEGF, 
but not BDNF, FGF and IL-2 expression in the offspring’s hippocampus. B. 
Two VDR binding sites were identified in the HIF-1α promoter. C. Offspring 
born to 32W+VD and 8W group had elevated hippocampal HIF-1α mRNA 
expression than that of offspring born to 32W group. D. Offspring born to 
AMA mice with Vit D supplementation before pregnancy had higher PI3K, 
AKT, ERK1, and ERK2 expression, while lower p38 expression.

1,25(OH)2D3 concentration during the early, 
middle and late stages of pregnancy in AMA 
mice, but also 1,25(OH)2D3 concentration in  
the young adult offspring, especially in their 
hippocampi. Further investigation found that 
Cyp27b1, responsible for 1,25(OH)2D3 produc-
tion, increased in the offspring’s hippocampus 
by maternal Vit D intervention, which may con-
tribute to the significant elevation of hippocam-
pal 1,25(OH)2D3 level. Given the role of Vit D/
VDR signaling in the neurodevelopment and 
cognitive functions, boosted VDR expression 
and 1,25(OH)2D3 production in the offspring’s 
hippocampus would likely contribute to synap-
tic connection (NMDA) and transmission (PSD), 
and subsequently lead to learning and memory 
improvement.

Among the signaling pathways between VDR 
and cognitive function, calcitriol is proved to 
activate the VDR/ERK signaling pathway to re- 
duce cognitive impairments [47]. Yan conclud-

ed that Vit D played a protec-
tive role by suppressing inflam-
matory cytokines and subse- 
quently inhibited the progres-
sion of apoptosis [48]. Mean- 
while, studies found that muta-
tion of VDR in mice led to sen-
sory and cognitive dysfunction 
[49], which finding linked VDR 
with cognitive function and is 
similar to our results.

HIF-1α, the critical regulator of 
cellular response to hypoxia, 
was proved to exacerbate the 
blood-brain barrier disruption, 
leading to further cognitive im- 
pairment [50]. HIF-1α can be 
suppressed by calcitriol throu- 
gh binding to VDR that involv- 
es PI3K/Akt signaling [22, 25, 
51]. In addition, activation of 
VDR promotes VEGF expres-
sion in endothelial cells [52], 
and HIF-1α/VEGF signaling is  
a pathway to modulate brain 
dysfunction [53-55]. The cur-
rent study found that maternal 
Vit D preventive intervention 
not only elevated HIF-1α/VEGF 
expression, but also regulated 
PI3K-Akt, ERK1/2, and p38-

MAPK molecules. Such biological effects are 
probably through the binding sites of VDR to 
specific VDR response elements in HIF-1α 
promoter.

To our knowledge, numerous studies revealed 
the impacts of maternal Vit D supplementation 
on maternal health and neonatal outcome. 
However, few studies focused on the associa-
tion between maternal Vit D preventive inter-
vention and their offspring’s cognitive func- 
tion, especially the regulation of Vit D/VDR/HIF-
1α pathway. Our study showed that the mater-
nal Vit D preventive administration before preg-
nancy had profound neuroprotective effects  
on their offspring. Thus, Vit D replenishment 
may open up new possibilities for therapeutic 
application.

Nevertheless, the present study has several 
limitations. First, though we did identify the 
putative binding sites of VDR in HIF-1α promot-
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er, we were unable to verify the direct interac-
tion between VDR and VDR response elements 
in HIF-1α promoter by luciferase reporter and 
chromatin immunoprecipitation (ChIP) assay. 
Second, preventive maternal Vit D intervention 
did modulate HIF-1α/VEGF and related signal-
ing molecules in the offspring’s hippocampus; 
however, the cause-effects between Vit D/VDR 
and HIF-1α/VEGF require genetic knockout or 
pharmaceutic inhibitors of HIF-1α/VEGF (either 
or both).

In conclusion, our results highlight the biologi-
cal impacts of maternal Vit D intervention on Vit 
D metabolism, synaptic connection and trans-
mission, and related signaling molecules in the 
offspring. Our findings provide experimental 
evidence which might underlie the potential 
mechanism of the cognitive improvement in the 
offspring born to AMA mice with Vit D supple-
mentation before pregnancy.

Acknowledgements

The work was supported by Natural Science 
Fund of Hubei Province (2019CFB823).

Disclosure of conflict of interest

None.

Address correspondence to: Dr. Suqing Wang, 
Department of Preventive Medicine, School of 
Health Sciences, Wuhan University, No. 299 Bayi 
Road, Wuhan 430071, Hubei, China. Tel: +86- 
027-68758648; Fax: +86-027-68758648; E-mail: 
swang2099@whu.edu.cn

References

[1] Pilz S, Trummer C, Pandis M, Schwetz V, Aberer 
F, Grubler M, Verheyen N, Tomaschitz A and 
Marz W. Vitamin D: current guidelines and fu-
ture outlook. Anticancer Res 2018; 38: 1145-
1151.

[2] Wang TJ. Vitamin D and cardiovascular dis-
ease. Annu Rev Med 2016; 67: 261-272.

[3] Pilz S, Gaksch M, Hartaigh BO, Tomaschitz A 
and Marz W. Vitamin D in preventive medicine. 
Anticancer Res 2015; 35: 1161-1170.

[4] Pet MA and Brouwer-Brolsma EM. The impact 
of maternal vitamin D status on offspring brain 
development and function: a systematic re-
view. Adv Nutr 2016; 7: 665-678.

[5] Hollis BW and Wagner CL. Vitamin D and preg-
nancy: skeletal effects, nonskeletal effects, 

and birth outcomes. Calcif Tissue Int 2013; 
92: 128-139.

[6] Karras SN, Anagnostis P, Bili E, Naughton DP, 
Petroczi A, Papadopoulou F and Goulis DG. 
Maternal vitamin D status in pregnancy and 
offspring brain development: authors’ reply to 
C. Annweiler and O. Beauchet. Osteoporos Int 
2014; 25: 1421-1422.

[7] Bi WG, Nuyt AM, Weiler H, Leduc L, Santamaria 
C and Wei SQ. Association between Vitamin D 
supplementation during pregnancy and off-
spring growth, morbidity, and mortality a sys-
tematic review and meta-analysis. JAMA Pedi-
atr 2018; 172: 635-645.

[8] Wu S, Wu F, Ding Y, Hou J, Bi J and Zhang Z. 
Advanced parental age and autism risk in chil-
dren: a systematic review and meta-analysis. 
Acta Psychiatr Scand 2017; 135: 29-41.

[9] Menezes PR, Lewis G, Rasmussen F, Zammit 
S, Sipos A, Harrison GL, Tynelius P and Gunnell 
D. Paternal and maternal ages at conception 
and risk of bipolar affective disorder in their 
offspring. Psychol Med 2010; 40: 477-485.

[10] Sampino S, Stankiewicz AM, Zacchini F, Goscik 
J, Szostak A, Swiergiel AH, Drago G, Modlinski 
JA and Ptak GE. Pregnancy at advanced mater-
nal age affects behavior and hippocampal 
gene expression in mouse offspring. J Gerontol 
A Biol Sci Med Sci 2017; 72: 1465-1473.

[11] Barbachano A, Fernandez-Barral A, Ferrer-
Mayorga G, Costales-Carrera A, Larriba MJ and 
Munoz A. The endocrine vitamin D system in 
the gut. Mol Cell Endocrinol 2017; 453: 79-87.

[12] Roth DE, Abrams SA, Aloia J, Bergeron G, 
Bourassa MW, Brown KH, Calvo MS, Cashman 
KD, Combs G, De-Regil LM, Jefferds ME, Jones 
KS, Kapner H, Martineau AR, Neufeld LM, 
Schleicher RL, Thacher TD and Whiting SJ. 
Global prevalence and disease burden of vita-
min D deficiency: a roadmap for action in low- 
and middle-income countries. Ann N Y Acad 
Sci 2018; 1430: 44-79.

[13] Bikle DD. Vitamin D metabolism, mechanism 
of action, and clinical applications. Chem Biol 
2014; 21: 319-329.

[14] Bouillon R, Carmeliet G, Verlinden L, van Etten 
E, Verstuyf A, Luderer HF, Lieben L, Mathieu C 
and Demay M. Vitamin D and human health: 
lessons from vitamin D receptor null mice. En-
docr Rev 2008; 29: 726-776.

[15] Groves NJ, McGrath JJ and Burne TH. Vitamin 
D as a neurosteroid affecting the developing 
and adult brain. Annu Rev Nutr 2014; 34: 117-
141.

[16] Hossein-nezhad A and Holick MF. Optimize di-
etary intake of vitamin D: an epigenetic per-
spective. Curr Opin Clin Nutr Metab Care 2012; 
15: 567-579.

mailto:swang2099@whu.edu.cn


Maternal Vit D supplementation and the offspring’s Vit D/VDR signaling

12660 Am J Transl Res 2021;13(11):12650-12661

[17] Holick MF. Sunlight and vitamin D for bone 
health and prevention of autoimmune diseas-
es, cancers, and cardiovascular disease. Am J 
Clin Nutr 2004; 80 Suppl 1: 1678S-1688S.

[18] Kalueff AV, Keisala T, Minasyan A, Kuuslahti M, 
Miettinen S and Tuohimaa P. Behavioural 
anomalies in mice evoked by Tokyo” disruption 
of the Vitamin D receptor gene. Neurosci Res 
2006; 54: 254-260.

[19] Miller JW, Harvey DJ, Beckett LA, Green R, Far-
ias ST, Reed BR, Olichney JM, Mungas DM and 
DeCarli C. Vitamin D status and rates of cogni-
tive decline in a multiethnic cohort of older 
adults. JAMA Neurol 2015; 72: 1295-1303.

[20] Arevalo NB, Castillo-Godoy DP, Espinoza-
Fuenzalida I, Rogers NK, Farias G, Delgado C, 
Henriquez M, Herrera L, Behrens MI and 
SanMartin CD. Association of Vitamin D recep-
tor polymorphisms with amyloid-beta trans-
porters expression and risk of mild cognitive 
impairment in a chilean cohort. J Alzheimers 
Dis 2021; 82: S283-S297.

[21] Beydoun MA, Tajuddin SM, Dore GA, Canas JA, 
Beydoun HA, Evans MK and Zonderman AB. 
Vitamin D receptor and megalin gene polymor-
phisms are associated with longitudinal cogni-
tive change among African-American urban 
adults. J Nutrition 2017; 147: 1048-1062.

[22] Ge X, Wang L, Li M, Xu N, Yu F, Yang F, Li R, 
Zhang F, Zhao B and Du J. Vitamin D/VDR sig-
naling inhibits LPS-induced IFNgamma and IL-
1beta in Oral epithelia by regulating hypoxia-
inducible factor-1alpha signaling pathway. Cell 
Commun Signal 2019; 17: 18.

[23] Wong MS, Leisegang MS, Kruse C, Vogel J, 
Schurmann C, Dehne N, Weigert A, Herrmann 
E, Brune B, Shah AM, Steinhilber D, Offer-
manns S, Carmeliet G, Badenhoop K, Schroder 
K and Brandes RP. Vitamin D promotes vascu-
lar regeneration. Circulation 2014; 130: 976-
986.

[24] Ashok BS, Ajith TA and Sivanesan S. Hypoxia-
inducible factors as neuroprotective agent in 
Alzheimer’s disease. Clin Exp Pharmacol Physi-
ol 2017; 44: 327-334.

[25] Gkotinakou IM, Kechagia E, Pazaitou-Panayiot-
ou K, Mylonis I, Liakos P and Tsakalof A. Cal-
citriol suppresses HIF-1 and HIF-2 transcrip-
tional activity by reducing HIF-1/2alpha protein 
levels via a VDR-independent mechanism. 
Cells 2020; 9: 2440.

[26] Patra K, Jana S, Sarkar A, Mandal DP and 
Bhattacharjee S. The inhibition of hypoxia-in-
duced angiogenesis and metastasis by cinna-
maldehyde is mediated by decreasing HIF-1 
alpha protein synthesis via PI3K/Akt pathway. 
Biofactors 2019; 45: 401-415.

[27] Agani F and Jiang BH. Oxygen-independent 
regulation of HIF-1: novel involvement of PI3K/

AKT/mTOR pathway in cancer. Current Cancer 
Drug Targets 2013; 13: 245-251.

[28] Cui ZZ, Wang HM, Tan YS, Zaia KA, Zhang SQ 
and Tsien JZ. Inducible and reversible NR1 
knockout reveals crucial role of the NMDA re-
ceptor in preserving remote memories in the 
brain. Neuron 2004; 41: 781-793.

[29] McCullumsmith RE, Kristiansen LV, Beneyto M, 
Scarr E, Dean B and Meador-Woodruff JH. De-
creased NR1, NR2A, and SAP102 transcript 
expression in the hippocampus in bipolar dis-
order. Brain Res 2007; 1127: 108-118.

[30] Ling W, Chang LR, Song YZ, Lu T, Jiang YH, Li YX 
and Wu Y. Immunolocalization of NR1, NR2A, 
and PSD-95 in rat hippocampal subregions 
during postnatal development. Acta Histochem 
2012; 114: 285-295.

[31] Li D, Wang K, Yang ZAH, Li H and Wang SQ. Vi-
tamin D supplementation in mice with ad-
vanced maternal age and cognitive function of 
the offspring. Am J Transl Res 2021; 13: 7641-
7653.

[32] Cui XY, McGrath JJ, Burne TH, Mackay-Sim A 
and Eyles DW. Maternal vitamin D depletion 
alters neurogenesis in the developing rat 
brain. Int J Dev Neurosci 2007; 25: 227-232.

[33] Tuckey RC, Cheng CYS and Slominski AT. The 
serum vitamin D metabolome: what we know 
and what is still to discover. J Steroid Biochem 
Mol Biol 2019; 186: 4-21.

[34] Eyles DW, Smith S, Kinobe R, Hewison M and 
McGrath JJ. Distribution of the Vitamin D re-
ceptor and 1 alpha-hydroxylase in human 
brain. J Chem Neuroanat 2005; 29: 21-30.

[35] Bao GQ and Yu JY. Vitamin D3 promotes cere-
bral angiogenesis after cerebral infarction in 
rats by activating Shh signaling pathway. Eur 
Rev Med Pharmacol Sci 2018; 22: 7069-7077.

[36] Apte RS, Chen DS and Ferrara N. VEGF in sig-
naling and disease: beyond discovery and de-
velopment. Cell 2019; 176: 1248-1264.

[37] Yang Y, Ju J, Deng M, Wang J, Liu H, Xiong L and 
Zhang J. Hypoxia inducible factor 1alpha pro-
motes endogenous adaptive response in rat 
model of chronic cerebral hypoperfusion. Int J 
Mol Sci 2017; 18: 3.

[38] Jiang Y, Zheng W and Teegarden D. 1alpha, 
25-dihydroxyvitamin D regulates hypoxia-in-
ducible factor-1alpha in untransformed and 
Harvey-ras transfected breast epithelial cells. 
Cancer Lett 2010; 298: 159-166.

[39] Zhang ZZ, Qin XH and Zhang J. MicroRNA-183 
inhibition exerts suppressive effects on dia-
betic retinopathy by inactivating BTG1-mediat-
ed PI3K/Akt/VEGF signaling pathway. Am J 
Physiol Endocrinol Metab 2019; 316: E1050-
E1060.

[40] Claesson-Welsh L and Welsh M. VEGFA and tu-
mour angiogenesis. J Intern Med 2013; 273: 
114-127.



Maternal Vit D supplementation and the offspring’s Vit D/VDR signaling

12661 Am J Transl Res 2021;13(11):12650-12661

[41] Zhang QY, Yu CH, Peng S, Xu H, Wright E, Zhang 
X, Huo XF, Cheng E, Pham TH, Asanuma K, Hat-
anpaa KJ, Rezai D, Wang DH, Sarode V, Melton 
S, Genta RM, Spechler SJ and Souza RF. Auto-
crine VEGF signaling promotes proliferation of 
neoplastic Barrett’s epithelial cells through  
a PLC-dependent pathway. Gastroenterology 
2014; 146: 461-72, e6.

[42] Chen GD, Pang TT, Li PS, Zhou ZX, Lin DX, Fan 
DZ, Guo XL and Liu ZP. Early pregnancy vitamin 
D and the risk of adverse maternal and infant 
outcomes: a retrospective cohort study. BMC 
Pregnancy Childbirth 2020; 20: 465.

[43] Yuan Y, Liu H, Ji C, Guo X, Hu L, Wen J and Cai 
M. Association of maternal serum 25-hy-
droxyvitamin d concentrations in second tri-
mester with delivery mode in a chinese popu-
lation. Int J Med Sci 2017; 14: 1008-1014.

[44] Nassar MF, Amin DA, Hamed AI, Nassar JF, 
Abou-Zeid AE and Attaby MA. Vitamin D status 
and scholastic achievement in middle age 
childhood. J Egypt Soc Parasitol 2012; 42: 
349-358.

[45] Harms LR, Cowin G, Eyles DW, Kurniawan ND, 
McGrath JJ and Burne TH. Neuroanatomy and 
psychomimetic-induced locomotion in C57BL/ 
6J and 129/X1SvJ mice exposed to develop-
mental vitamin D deficiency. Behav Brain Res 
2012; 230: 125-131.

[46] Llewellyn DJ, Lang IA, Langa KM and Melzer D. 
Vitamin D and cognitive impairment in the el-
derly U.S. population. J Gerontol A Biol Sci Med 
Sci 2011; 66: 59-65.

[47] Guo X, Yuan J, Wang J, Cui CM and Jiang P. Cal-
citriol, alleviates global cerebral ischemia-in-
duced cognitive impairment by reducing apop-
tosis regulated by VDR/ERK signaling pathway 
in rat hippocampus. Brain Res 2019; 1724: 
146430.

[48] Yan LJ, Wu P, Gao DM, Hu J, Wang Q, Chen NF, 
Tong SQ, Rao L and Liu J. The impact of Vita-
min D on cognitive dysfunction in mice with 
systemic lupus erythematosus. Med Sci Monit 
2019; 25: 4716-4722.

[49] Minasyan A, Keisala A, Lou YR, Kalueff AV and 
Tuohimaa P. Neophobia, sensory and cognitive 
functions, and hedonic responses in vitamin D 
receptor mutant mice. J Steroid Biochem Mol 
Biol 2007; 104: 274-280.

[50] Liu XQ, Ding HG, Li XS, Deng YY, Liu XY, Wang 
KR, Wen MY, Chen SL, Jiang WQ and Zeng HK. 
Hypercapnia exacerbates the blood-brain bar-
rier disruption via promoting HIF-1a nuclear 
translocation in the astrocytes of the hippo-
campus: implication in further cognitive im-
pairment in hypoxemic adult rats. Neurochem 
Res 2020; 45: 1674-1689.

[51] Brozyna AA, Jozwicki W, Jetten AM and Slomin-
ski AT. On the relationship between VDR, ROR-
alpha and RORgamma receptors expression 
and HIF1-alpha levels in human melanomas. 
Exp Dermatol 2019; 28: 1036-1043.

[52] Zhong W, Gu B, Gu Y, Groome LJ, Sun J and 
Wang Y. Activation of vitamin D receptor pro-
motes VEGF and CuZn-SOD expression in en-
dothelial cells. J Steroid Biochem Mol Biol 
2014; 140: 56-62.

[53] Xu Y, Lu X, Hu Y, Yang B, Tsui CK, Yu S, Lu L and 
Liang X. Melatonin attenuated retinal neovas-
cularization and neuroglial dysfunction by inhi-
bition of HIF-1alpha-VEGF pathway in oxygen-
induced retinopathy mice. J Pineal Res 2018; 
64: e12473.

[54] Zarezadehmehrizi A, Hong JY, Lee J, Rajabi H, 
Gharakhanlu R, Naghdi N, Azimi M and Park Y. 
Exercise training ameliorates cognitive dys-
function in amyloid beta-injected rat model: 
possible mechanisms of Angiostatin/VEGF sig-
naling. Metab Brain Dis 2021; [Epub ahead of 
print].

[55] Yuan X, Luo Q, Shen L, Chen J, Gan D, Sun Y, 
Ding L and Wang G. Hypoxic preconditioning 
enhances the differentiation of bone marrow 
stromal cells into mature oligodendrocytes via 
the mTOR/HIF-1alpha/VEGF pathway in trau-
matic brain injury. Brain Behav 2020; 10: 
e01675.


