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Abstract: The association of calcium signaling pathway gene variants, bone mineral density (BMD)
and mild cognitive impairment (MCI) is poorly understood so far. A total of 878 participants from
Qingdao city were recruited in this study. According to the candidate gene selection method, 58 single
nucleotide polymorphisms (SNPs) in eight calcium signaling genes were selected. The association
between gene polymorphisms and MCI was revealed by using multiple genetic models. Polygenic
risk scores (PRS) were used to summarize the effects of the whole gene. Logistic regression was used
to analyze the association between each PRS and MCI. The multiplicative interaction term in the
regression models was used to estimate the interaction effects between the PRS and BMD. We ob-
served significant associations of rs6877893 (NR3C1), rs6448456 (CCKAR), and rs723672 (CACNA1C)
polymorphisms with MCI. The PRSs of NR3C1 (OR = 4.012, 95% CI = 1.722–9.347, p < 0.001), PRKCA
(OR = 1.414, 95% CI = 1.083–1.845, p = 0.011) and TRPM1 (OR = 3.253, 95% CI = 1.116–9.484, p = 0.031)
were associated with an increased risk of developing MCI, and the PRS of total genes (OR = 0.330, 95%
CI = 0.224–0.485, p < 0.001) was associated with a decreased risk of developing MCI. In interaction
effect analysis, the interaction effect of PRKCA and BMD was significant. Genetic variations of the
calcium signaling pathway were associated with MCI in older people. There was an interaction effect
between PRKCA gene variants and BMD on MCI.

Keywords: calcium signaling pathway; mild cognitive impairment; bone mineral density; polygenic
risk scores; interaction effect

1. Introduction

Mild cognitive impairment (MCI), a complex status of cognitive decline, is generally
considered as the intermediate stage between the changes in normal cognitive aging and
dementia [1]. It is reported that MCI may occur during the whole process of normal aging,
though it is more commonly noticed in the elderly [2,3]. According to a recent cross-
sectional study, the overall population of individuals with MCI and dementia is estimated
to account for more than one in five adults aged 60 years or older in China [4]. There is
currently no cure for dementia, so it is necessary to target MCI interventions to prevent
the onset of dementia [3,5]. Recently, a review provided evidence that genetic variants can
predict aging-related cognitive impairment, which supported the potential role of genetic
factors [6]. Differences in individual genetic susceptibility are associated with cognitive
status in later life, so further investigation of the relationship between genetic variants and
cognitive function is warranted.

In recent years, single nucleotide polymorphisms (SNPs) linked to cognitive function
have been identified by genome-wide association studies (GWAS) and candidate gene
studies [7,8]. In our previous GWAS of cognitive function in middle and old-aged adults of
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139 twins in northern China, many SNPs associated with cognitive function were discovered
to be enriched in the calcium signaling pathway [9]. Other reported studies also showed
that the calcium signaling pathway was a vital component of the mechanisms responsible
for information processing and the formation of memory and cognition [10,11]. Moreover,
a study has shown significant and consistent enrichment for genes that constituted the
calcium signaling pathway [12]. Calcium serves as a second messenger regulating synaptic
plasticity, with most of its work focused on the hippocampus, which is a crucial brain region
engaged in learning and memory [13]. Moreover, a calcium hypothesis of Alzheimer’s
disease (AD) held that calcium can affect neuronal function in multiple aspects such as
temporal, concentration and environmental factors, which meant that abnormal gene
variants may induce both the progressive decline in memory and the increase in neuronal
cell apoptosis, resulting in MCI and even AD [14].

In the current genetic studies of cognitive function, most studies only investigated a
single gene or single SNP of one gene in the calcium signaling pathway. However, less has
been mentioned about the overall effect of multiple SNPs or genes on cognitive functions.
Polygenic risk score (PRS) is an algorithm that combines information on the variation of all
SNPs in one gene, reflecting the overall variation in that gene, which can increase the test
power and achieve higher detection efficiency [15,16]. Thus, in the present study, we will
aim to investigate the association between the calcium signaling pathway PRS and MCI in
the elderly after studying the polymorphism of a single locus.

Though the etiology of MCI is inconclusive, environmental and lifestyle factors, such
as physical activity [17,18], sleep [19], depression, anxiety and loneliness [20,21], have
been mentioned to play a crucial role in its risk, onset and progression [22,23]. Moreover,
epidemiological evidence suggests that people with osteoporosis have a higher incidence
of cognitive impairment than the general population, especially in executive function, pro-
cessing speed and verbal memory [24–27]. Hence, continued elucidation of the interaction
between genetic variation in calcium signaling pathways and bone mineral density (BMD)
is expected to facilitate the development of effective strategies for the prevention of MCI.

Therefore, in this study, we mainly aimed to verify the associations of genetic variants
of the calcium signaling pathway with MCI and explore whether there were interaction
effects between BMD and genetic variants in each gene.

2. Materials and Methods
2.1. Subjects and Procedure

In this study, individuals aged 60 years and above who were permanent residents of
Qingdao were included in the study, after which, patients with severe physical or mental
illnesses and individuals who were uncooperative in completing the survey were excluded.
A face-to-face questionnaire survey was conducted with the community participants.
To enhance the research quality of the investigation, all investigators were rigorously
trained to fully understand the study, be familiar with the content of the questionnaire
and acquire proficient and consistent questioning skills before the investigation. The
self-reported questionnaire included demographic information, behavior and lifestyle
such as smoking and alcohol consumption, and cognitive function test using the Montreal
Cognitive Assessment (MOCA). Moreover, physical measurements and blood samples were
also collected. The study was conducted in accordance with the Declaration of Helsinki,
and the study proposal was endorsed by the Ethics Committee of Qingdao University
Medical College. Signed consents were obtained from all participants after the purpose of
this study was fully explained.

2.2. Measures
2.2.1. Cognitive Function

Cognitive function was measured using the MOCA test, which included eight cog-
nitive subtests: visual–spatial function, executive function, short-term memory, delayed
memory, language, attention, abstraction, calculation, and orientation. The MOCA test
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was widely seen as a brief cognitive screening instrument to recognize mild cognitive
impairment (MCI) and early dementia [28]. Scores ranged from 0 to 30, with an extra point
added if the participant had ≤12 years of schooling, with higher scores indicating better
cognitive behavior, and a score of <26 was identified as the optimum cutoff point for a
definition of cognitive impairment [28]. Therefore, individuals with 26 points and greater
were considered in a normal cognitive state and others were considered as MCI in our
study. The total scale showed good internal consistency reliability in this study (Cronbach’s
α = 0.707).

2.2.2. Bone Mineral Density

The bone mineral density was measured by professionals using a dual-energy X-ray
absorptiometry (DXA) bone densitometer [29].

2.3. Gene Selection

Based on the previous GWAS of cognitive function in middle- and old-aged adults
of 139 pairs of dizygotic twins [9], a list of significant genes (p < 0.05) was submitted
to the GSEA (gene set enrichment analysis) website (https://www.gsea-msigdb.org/
gsea/msigdb/index.jsp, accessed on 29 January 2023) to find pathways that were over-
represented in the list of significant genes underlying cognitive function. Finally, eight
genes comprised in the calcium signaling pathway were chosen by using the candidate
gene selection method, including the autophagy-related 12 gene (ATG12), the BAF chro-
matin remodeling complex subunit gene (BCL11B), the calcium voltage-gated channel
subunit alpha1 C gene (CACNA1C), the cholecystokinin A receptor gene (CCKAR), nuclear
receptor subfamily 3 group C member 1 gene (NR3C1), protein kinase C α gene (PRKCA),
the Rac family small GTPase 1 gene (RAC1) and the transient receptor potential cation
channel subfamily M member 1 gene (TRPM1).

2.4. SNPs Selection and Imputation

A total of 58 SNPs of the above eight genes were chosen by using the candidate gene
selection method, and the principal criteria were as follows: (1) The tag-SNPs identified
with a minor allele frequency (MAF) > 0.05 and the minimum linkage disequilibrium
correlation (r2) > 0.8 in the database of the Chinese Han Beijing (CHB) population data
of HapMap (HapMap Data Rel 27 PhaseII + III) using Haploview software 4.2. (2) The
valid function SNPs were selected from the CHB population data of the dbSNP database
(https://www.ncbi.nlm.nih.gov/snp/, accessed on 29 January 2023) and the 1000 Genomes
Project, after which, the selected SNPs were used for functional prediction (http://snpinfo.
niehs.nih.gov/, accessed on 29 January 2023) and for linkage disequilibrium analysis by
an ensemble (http://asia.ensembl.org/Homo_sapiens/Tools/LD?db=core, accessed on
29 January 2023). (3) The SNPs previously reported in the literature that were associated
with cognitive function were selected [30,31].

Leukocytes were isolated within 2 h of blood collection from a pre-prepared tube stored
with an EDTA anticoagulant storage [32]. A DNA extraction kit (BioTeke Corporation,
Beijing, China) was used to isolate and purify genomic deoxyribonucleic acid (DNA) from
the peripheral blood of each individual. According to the sequence information of the SNPs,
PCR and single-base extension primers were designed using Assay Design 3.1. SpectroCHIP
was obtained after PCR amplification, product alkaline phosphatase treatment, single-base
extension reaction, resin purification, and microarray spotting. MassArray (Sequenom
Inc., San Diego, CA, USA) used allele-specific matrix-assisted laser desorption/ionization
time-of-flight mass spectrometry (MALDI- TOF) to genotype all data. The high-frequency
allele was deemed as the major allele and the low-frequency allele as the minor allele.
Genotype imputation was performed using the multiple imputation by chained equations
(MICE) algorithm, which was a flexible and practical method to deal with missing data [33].

https://www.gsea-msigdb.org/gsea/msigdb/index.jsp
https://www.gsea-msigdb.org/gsea/msigdb/index.jsp
https://www.ncbi.nlm.nih.gov/snp/
http://snpinfo.niehs.nih.gov/
http://snpinfo.niehs.nih.gov/
http://asia.ensembl.org/Homo_sapiens/Tools/LD?db=core
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2.5. Calculation of the PRS

To increase our research effectiveness, the effect of each gene was studied, and the
weighted PRS for each gene was computed as the total of the weights of the estimated
genetic effect sizes corresponding to each allele [15,34]. Based on the additive genetic model,
linear regression was used to investigate the relationship between cognitive function and
the integrated effects of SNPs of each gene. In this study, each SNP was considered as an
independent variable and MOCA scores were deemed to be the dependent variable. The
PRS was calculated using the following formula:

PRS = w1 × SNP1 + w2 × SNP2 + ... + wk × SNPk

where SNPi is the number of risk alleles, wi is the weight of each SNP and k is the number
of SNPs used (i.e., k = 58).

2.6. Statistical Analysis

The statistical analyses were performed with STATA/MP version 15.0 (Stata Corpo-
ration, College Station, TX, USA.) and a 2-sided p < 0.05 was considered as the criterion
for statistical significance. The demographic characteristics across the different groups
were described as frequency (proportion) for classified variables and as mean ± standard
deviation (SD) for continuous variables, and independent t-tests and Pearson’s Chi-squared
test was used to compare the differences in cognitive function for the different variables.
The Chi-square test was used to determine whether the genotype frequency distribution of
each SNP followed the Hardy–Weinberg equilibrium. In the allele, dominant, recessive,
homozygote and heterozygote models, the logistic regression was used to investigate the
relationships between each SNP and MCI, respectively. Quality control was performed
prior to imputation and subjects with >10% missing genotype data were excluded. After
multiple imputation by chained equations, and association analyses, the PRS of each gene
and total PRS were obtained for subsequent analyses. Then, the logistic regression was
carried out to investigate odds ratios (OR) for each PRS and MCI in crude models and
multivariate-adjusted models (adjusted for age, gender, education, smoking status and
alcohol drinking status), respectively. Finally, the interaction effects between the PRS and
BMD on cognitive function were estimated by including the respective multiplicative inter-
action term in the logistic regression models, and marginal effects were plotted to provide
a clear, visual illustration of the underlying interaction effects.

3. Results
3.1. Sample Characteristics

The demographic characteristics of 571 cognitively impaired and 307 cognitively
normal individuals were described in Table 1. Compared with the normal cognitive status
group, the mild cognitive impairment group was inclined to have a significantly higher age
(t = −5.90, p < 0.001) and a significantly lower BMD (t = 5.31, p < 0.001). Distributions of
gender (χ2 = 36.19, p < 0.001), education (χ2 = 74.79, p < 0.001), smoking status (χ2 = 27.33,
p < 0.001) and alcohol drinking status (χ2 = 19.86, p < 0.001) between the mild cognitive
impairment and normal cognitive status groups were significantly different and the mild
cognitive impairment group typically had more women, lower education levels, and lower
proportions of smoking and drinking status.

3.2. Results of the Relationship between Gene Polymorphism and MCI

Detailed information on 58 SNPs for the eight genes in this study was given in
Supplementary Table S1. Alleles of all 58 SNPs were consistent with the law of genetic
balance after the Hardy–Weinberg equilibrium test (p > 0.05). In the analysis of the relation-
ship between SNP and cognitive function after adjusting all covariates, we identified three
SNPs (rs6877893, rs64458456 and rs723672) that were associated with MCI in Table 2.
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Table 1. The characteristics of the sample by cognitive functions.

Characteristics Normal Cognitive Status (n = 307) Mild Cognitive Impairment
(n = 571) p-Value

Age (years) 66.92 ± 5.01 69.44 ± 6.54 <0.001 1

Gender (n (%))
<0.001 2Male 164 (53.4) 186 (32.6)

Female 143 (46.6) 385 (67.4)
Education (n (%))

<0.001 2Low 3 (1.0) 100 (17.5)
Middle 268 (87.3) 455 (79.7)
High 36 (11.7) 16 (2.8)

Smoking status (n (%))

<0.001 2Never 169 (55.0) 414 (72.5)
Ever 74 (24.1) 82 (14.4)

Current 64 (20.9) 75 (13.1)
Alcohol drinking status (n (%))

<0.001 2Never 169 (55.0) 393 (68.8)
Ever 10 (3.3) 24 (4.2)

Current 128 (41.7) 154 (27.0)
BMD (T-value) −2.08 ± 0.87 −2.40 ± 0.83 <0.001 1

Notes: Data are presented as Mean ± SD or frequency. Education: low = less than primary school,
middle = primary and middle school, high = high school or more; BMD: bone mineral density. 1 Student
t-test; 2 Pearson’s Chi-squared test.

Table 2. The results of allele, dominant, recessive, homozygote and heterozygote regression models
for a single SNP.

SNP Model Genotype 1 OR
95%CI

p-Value
Low Upper

rs6877893

Allele model A vs. G 1.02 0.81 1.29 0.881
Dominant model AA vs. AG + GG 1.14 0.84 1.55 0.392
Recessive model AA + AG vs. GG 0.52 0.27 0.99 0.045 *

Homozygote model AA vs. GG 0.57 0.29 1.12 0.101
Heterozygote model AA vs. AG 1.29 0.93 1.78 0.129

rs6448456

Allele model G vs. C 1.07 0.81 1.43 0.628
Dominant model GG vs. GC + CC 1.15 0.82 1.63 0.419
Recessive model GG + GC vs. CC 0.32 0.11 0.90 0.031 *

Homozygote model GG vs. CC 0.34 0.12 0.98 0.045 *
Heterozygote model GG vs. GC 1.29 0.90 1.86 0.167

rs723672

Allele model T vs. C 1.12 0.89 1.42 0.347
Dominant model TT vs. TC + CC 1.30 0.96 1.77 0.090
Recessive model TT + TC vs. CC 0.72 0.37 1.41 0.344

Homozygote model TT vs. CC 0.84 0.43 1.64 0.615
Heterozygote model TT vs. TC 1.40 1.01 1.93 0.042 *

Abbreviations: OR: odds ratio; CI: confidence interval. * Represents the significance of gene score association
analysis (p < 0.05). 1 The former of the genotypes is used as the reference genotype.

For rs6877893 polymorphism, individuals with mutated allele AA genotype had a de-
creased risk of cognitive impairment susceptibility compared to individuals with allele AA
or AG genotypes (OR = 0.52, 95%CI: 0.27–0.99, p = 0.045). No significant association was de-
tected between rs6877893 polymorphism and MCI in the allele model (A vs. G) (OR = 1.02,
95%CI: 0.81–1.92, p = 0.881), the dominant model (AA vs. AG + GG) (OR = 1.14, 95%CI:
0.84–1.55, p = 0.392), the homozygote model (AA vs. GG) (OR = 0.57, 95%CI: 0.29–1.12,
p = 0.101) and the heterozygote model (AA vs. AG) (OR = 1.29, 95%CI: 0.93–1.78, p = 0.129).

For rs6448456 polymorphism, there was a significant association with a decreased risk
of MCI in the recessive model (GG + GC vs. CC) (OR = 0.32, 95%CI: 0.11–0.90, p = 0.031) and
the homozygote model (GG vs. CC) (OR = 0.34, 95%CI: 0.12–0.98, p = 0.045). In addition,
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the results displayed no significant association in the allele model (G vs. C) (OR = 1.07,
95%CI: 0.81–1.43, p = 0.628), the dominant model (GG vs. GC + CC) (OR = 1.15, 95%CI:
0.82–1.63, p = 0.419) and the heterozygote model (GG vs. GC) (OR = 1.29, 95%CI: 0.90–1.86,
p = 0.167).

For rs723672 polymorphism, individuals with the mutated allele TC genotype had an
increased risk of MCI susceptibility compared to individuals with the allele TT genotype
(TT vs. TC) (OR = 1.40, 95%CI: 1.01–1.93, p = 0.042). However, there was no significant asso-
ciation between rs723672 polymorphism and MCI in the allele model (T vs. C) (OR = 1.12,
95%CI: 0.89–1.42, p = 0.347), the dominant model (TT vs. TC + CC) (OR = 1.30, 95%CI:
0.96–1.77, p = 0.090), the recessive model (TT + TC vs. CC) (OR = 0.72, 95%CI: 0.37–1.41,
p = 0.344) and the homozygote model (TT vs. CC) (OR = 0.84, 95%CI: 0.43–1.64, p = 0.615).

3.3. Results of the Relationship between PRS and MCI

Table 3 showed the association between the PRS of each gene and MCI by applying
logistic regression. In the crude model, the univariate logistic regression indicated that
the ATG12, NR3C1, PRKCA and TRPM1 genes were risk factors for MCI, indicating that
a higher ATG12, NR3C1, PRKCA and TRPM1 gene score was significantly associated
with an increased risk of MCI. At the same time, the CACNA1C and CCKAR genes were
protective factors for MCI, manifesting that higher PRSs of CACNA1C and CCKAR were
associated with a decreased risk of MCI. In the multivariate logistic regression analysis,
after adjusting for age, gender, education, smoking status and alcohol drinking status, the
results remained significant (NR3C1, PRKCA and TRPM1 gene score). The PRS of the total
gene in the calcium signaling pathway for all SNPs was also significantly associated with
cognitive impairment (p < 0.001; multivariate-adjusted OR: 0.330, 95%CI: 0.224,0.485).

Table 3. The relationship between PRSs of the calcium signaling pathway and MCI.

Gene
Crude Model 1 Multivariate-Adjusted 2

OR (95 %CI) p-Vaule OR (95 %CI) p-Vaule

ATG12 1.589 (1.113–2.270) 0.011 * 1.460 (0.998–2.133) 0.051
BCL11B 1.064 (0.930–1.217) 0.370 1.052 (0.908–1.218) 0.502

CACNA1C 0.636 (0.410–0.986) 0.043 * 0.697 (0.432–1.124) 0.139
CCKAR 0.370 (0.144–0.950) 0.039 * 0.480 (0.174–1.328) 0.158
NR3C1 4.739 (2.148–10.459) <0.001 * 4.012 (1.722–9.347) 0.001 *
PRKCA 1.511 (1.181–1.934) 0.001 * 1.414 (1.083–1.845) 0.011 *
RAC1 0.143 (0.020–1.037) 0.054 0.224 (0.027–1.862) 0.166

TRPM1 5.477 (1.966–15.261) 0.001 * 3.253 (1.116–9.484) 0.031 *
Total 0.265 (0.186–0.380) <0.001 * 0.330 (0.224–0.485) <0.001 *

Abbreviations: ATG12, autophagy-related 12 gene; BCL11B, BAF chromatin remodeling complex subunit BCL11B;
CACNA1C, calcium voltage-gated channel subunit alpha1 C gene; CCKAR, cholecystokinin A receptor gene;
NR3C1, nuclear receptor subfamily 3 group C member 1 gene; PRKCA, protein kinase C α gene; RAC1, Rac
family small GTPase 1 gene; TRPM1, transient receptor potential cation channel subfamily M member 1 gene;
Total: PRS for the whole SNPs; OR: odds ratio; CI: confidence interval; PRS: polygenic risk scores; MCI: mild
cognitive impairment. * Represents the significance of gene score association analysis (p < 0.05). 1 Crude results.
2 Results adjust for age, gender, education, smoking status, and alcohol drinking status.

3.4. Sensitivity Analysis

Considering the potential influence of gender on cognition, estrogens may play a
relevant role in calcium metabolism, so we performed a subgroup analysis of gender
(Table 4). The association between the PRS of the NR3C1, PRKCA, and TRPM1 genes and
MCI was significant in women but not significant in men. However, after including the PRS
with the gender interaction term in the regression, the interaction effect between gender
and each PRS was not significant.
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Table 4. The subgroup analysis of the relationship between PRSs of calcium signaling pathway
and MCI.

Gene
Male Female

OR (95 %CI) p-Vaule OR (95 %CI) p-Vaule

ATG12 1.429 (0.820–2.488) 0.207 1.364 (0.796–2.336) 0.258
BCL11B 1.271 (0.997–1.620) 0.053 0.957 (0.792–1.155) 0.646

CACNA1C 0.555 (0.260–1.181) 0.126 0.819 (0.436–1.540) 0.536
CCKAR 0.589 (0.125–2.784) 0.504 0.321 (0.080–1.290) 0.109
NR3C1 2.705 (0.768–9.520) 0.121 5.805 (1.840–18.309) 0.003 *
PRKCA 1.174 (0.785–1.757) 0.434 1.639 (1.142–2.353) 0.007 *
RAC1 0.119 (0.006–2.322) 0.160 0.535 (0.022–13.040) 0.701

TRPM1 1.439 (0.358–5.778) 0.608 7.869 (1.464–42.286) 0.016 *
Total 0.333 (0.001–0.041) <0.001 * 0.329 (0.196–0.551) <0.001 *

Abbreviations: ATG12, autophagy-related 12 gene; BCL11B, BAF chromatin remodeling complex subunit BCL11B;
CACNA1C, calcium voltage-gated channel subunit alpha1 C gene; CCKAR, cholecystokinin A receptor gene;
NR3C1, nuclear receptor subfamily 3 group C member 1 gene; PRKCA, protein kinase C α gene; RAC1, Rac
family small GTPase 1 gene; TRPM1, transient receptor potential cation channel subfamily M member 1 gene;
Total: PRS for the whole SNPs; OR: odds ratio; CI: confidence interval; PRS: polygenic risk scores; MCI: mild
cognitive impairment. * Represents the significance of gene score association analysis (p < 0.05).

3.5. Interaction Effect Analysis between PRS and Bone Mineral Density

Interaction effect analysis of the association between each PRS and BMD on cogni-
tive function was described in Table 5. Based on the multiplicative interaction model,
uncorrected estimates revealed that BMD levels moderated the association between PRS of
PRKCA and cognitive function (OR = 0.638, 95%CI: 0.463–0.879, p-interaction= 0.006). After
adjusting for age, gender, education, smoking status and alcohol drinking status, we also
revealed that the PRS of PRKCA had significant interactions with BMD (OR = 0.593,95%CI:
0.418–0.841, p-interaction= 0.003) and the effects were most evident at the higher and lower
ends of the distribution of BMD levels. Specifically, the value of the marginal effect of BMD
decreases gradually as the PRS of PRKCA and the marginal effect of BMD is not significant
beyond the p < 0.05 significance threshold between the BMD, approximately −2.0 to 0
(Table 4 and Figure 1). The interaction results of BMD with other PRSs on cognitive function
were similar, but not significant. This was more clearly illustrated in Figure 1, where the
widening of the confidence intervals at the heads and tails of the PRS distribution were
associated with imprecise estimates of the association.

Table 5. Interaction effect analysis of the association between PRS and bone mineral density on MCI.

Gene
BMD × PRS 1 BMD × PRS 2

OR 95%CI p-Value OR 95%CI p-Value

ATG12 0.917 0.601–1.398 0.686 0.858 0.551–1.336 0.497
BCL11B 1.003 0.855–1.178 0.964 1.010 0.847–1.203 0.915

CACNA1C 1.124 0.652–1.938 0.675 1.148 0.636–2.072 0.647
CCKAR 0.917 0.310–2.710 0.875 0.594 0.184–1.922 0.384
NR3C1 1.804 0.685–4.750 0.232 1.852 0.625–5.491 0.267
PRKCA 0.638 0.463–0.879 0.006 * 0.593 0.418–0.841 0.003 *
RAC1 0.304 0.025–3.686 0.349 0.348 0.023–5.199 0.444

TRPM1 1.025 0.274–3.835 0.971 0.932 0.227–3.833 0.922
Total 0.900 0.589–1.376 0.626 0.962 0.603–1.535 0.872

Abbreviations: ATG12, autophagy-related 12 gene; BCL11B, BAF chromatin remodeling complex subunit BCL11B;
CACNA1C, calcium voltage-gated channel subunit alpha1 C gene; CCKAR, cholecystokinin A receptor gene;
NR3C1, nuclear receptor subfamily 3 group C member 1 gene; PRKCA, protein kinase C α gene; RAC1, Rac family
small GTPase 1 gene; TRPM1, transient receptor potential cation channel subfamily M member 1 gene; Total: PRS
for the whole SNPs; OR: odds ratio; CI: confidence interval; BMD: bone mineral density; PRS: polygenic risk
scores; MCI: mild cognitive impairment. * Represents the significance of gene score association analysis (p < 0.05).
1 Crude results. 2 Results adjust for age, gender, education, smoking status, and alcohol drinking status.
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Figure 1. The average marginal effect of the PRS across the BMD range. Each subgraph represents
the interaction effect analysis of the association between each PRS and BMD on cognitive function.
Black lines represent the marginal effect of the PRS estimated across the BMD range and the gray
regions depict 95% confidence intervals. Red lines denote a marginal effect of zero. Abbreviations:
ATG12, autophagy-related 12 gene; BCL11B, BAF chromatin remodeling complex subunit BCL11B;
CACNA1C, calcium voltage-gated channel subunit alpha1 C gene; CCKAR, cholecystokinin A
receptor gene; NR3C1, nuclear receptor subfamily 3 group C member 1 gene; PRKCA, protein kinase
C α gene; RAC1, Rac family small GTPase 1 gene; TRPM1, transient receptor potential cation channel
subfamily M member 1 gene.

4. Discussion

In this study, multiple genetic models were employed to examine the association be-
tween individual SNPs and cognitive function in calcium signaling pathways. It was found
that rs6877893 (NR3C1), rs6448456 (CCKAR), and rs723672 (CACNA1C) polymorphisms
were significantly correlated with MCI. We employed a polygenic risk score algorithm to
verify the candidate genes in the calcium signaling pathway in order to further account for
genetic elements related to cognitive function in the elderly in northern China. Specifically,
we found that the NR3C1, PRKCA and TRPM1 gene variants were more likely to be risk
factors for MCI, and after adjusting for confounding variables, the total PRSs of all the
SNPs in the calcium signaling pathway will decrease the risk of developing MCI. Based on
the multiplicative interaction model, we found that the PRS of PRKCA had a significant
interaction effect with BMD after adjusting for all covariates. Our findings substantiated
the former GWAS results that the calcium signaling pathway gene variants were connected
with cognitive function. On the other hand, we also found that a gene of the calcium
signaling pathway may interact with BMD to affect cognitive function.

In recent years, a growing number of studies have confirmed the relationship be-
tween SNP and cognition in calcium signaling pathways. A meta-analysis of SNP asso-
ciation results from both cohorts revealed that rs6877893 (NR3C1) nominally associated
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with reasoning influenced perceptual performance in cognitively healthy individuals [35].
Tachikawa et al. found that the rs6448456 locus in CCKAR was associated with cognition
in the Spanish population [36]. A case–control study by Porcelli, S. et al. found that the
rs723672 locus in the CACNA1C gene was related to the improvement of symptoms of
schizophrenia, which was characterized by structural abnormalities in the brain as well as
cognitive impairments, indicating that this locus might play a role in regulating cognitive
state [37,38]. Therefore, based on the previous literature data, we studied the polymor-
phism of a single locus and found that in the polymorphism of rs6877893, the susceptibility
to cognitive impairment of individuals with AA genotype mutation was lower than that of
individuals with AA or AG genotype mutation. In rs6448456 polymorphism, the recessive
model and the homozygous model are significantly related to the risk reduction in cognitive
function. For rs723672 polymorphism, the correlation between rs723672 polymorphism
and cognitive function susceptibility is only significant in the heterozygote model. The
results suggest that the three polymorphisms, related to processes of calcium metabolism,
are associated with possible areas of the nervous system, which may manifest as MCI.

The NR3C1 gene is located on chromosome 5q31.3 whose main function is to encode
for the glucocorticoid receptor (GR) and the evidence has shown cortisol levels in humans
could be affected by this gene [39]. In the meantime, the influences on cognitive function
are notably modulated by the binding of cortisol to the lower affinity GR [39,40]. To be
precise, GR can impact learning and memory function specifically by affecting synaptic
transmission effectiveness, neural structure integration, and the formation of LTP, which
was the foundation of memory formation [41]. Keller et al. researched the connection be-
tween Hypothalamic–pituitary–adrenal axis activity, cortisol, clinical emotional symptoms,
and genetic variants and cognition, and proposed that genetic variants of NR3C1 were
involved in attention and working memory [42]. In our study, we verified the association
of PRS of NR3C1 with cognitive function in the elderly in northern China.

Protein kinase C (PKC), a family of phospholipid-dependent serine/threonine protein
kinases, forms a comprehensive signaling network in the brain and has been confirmed to
be involved in different cellular signaling pathways [43]. For instance, PKC can promote
the release of several growth factors that promote neural stem cells to produce new neurons
that integrate into hippocampal circuits, which are widely associated with memory and
cognitive performance [44]. To date, an animal experiment has revealed that PKC isoforms
such as PKCα (PRKCA) were closely correlated with pathological damage in AD [45].
Moreover, regarding the memory process, PKC isozymes, particularly PKCα, shared
essential roles in signaling pathways, and studies have verified SNPs (rs4790904, rs8074995)
in the gene encoding PRKCA were found to be markedly associated with memory [46,47].
In this study, the PRS of PRKCA was strongly associated with cognitive impairment,
which was favorably consistent with previous studies and animal experiments. What
is noteworthy is that previous studies have indicated the causal relationship between
cognitive impairment and low BMD [24–27]. Further, in our study, the different levels
of PRKCA gene variants with the modulation of BMD may have affected the cognitive
outcomes differently.

In recent years, relatively little research has been published on the TRPM1 gene
and cognitive function. The existing papers pointed out that TRPM1 gene mutations
commonly occur in 15q13.3 microdeletion syndromes and that deletion of the TRPM1
gene products has been considered as a possible mechanism contributing to severe visual
impairment [48]. Recently, a mice experiment proved the cognitive impairment observed in
the 15q13.3 microdeletion syndrome phenotype, demonstrating that TRPM1 gene mutations
may be associated with impaired cognitive function [49]. In this study, we came to the
same conclusion as a population study, but the exact biological mechanism will need
further study.

In this study, we performed interaction effect analysis to explore possible mechanisms
underlying the association between the PRS of the calcium signaling pathway and cognitive
function. Furthermore, several potential explanations for the association between BMD
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and cognitive impairment are as follows: First, bone mass loss may cause an increase in
certain inflammatory markers, such as interleukin-6 [50] and TNF-α [51], which promote
the accumulation of inflammatory plaques in the brain. Second, abnormal calcium and
phosphorus metabolism can induce an excessive influx of calcium and death of the neuron
cells, which may aggravate the formation of senile plaques and neurofibrillary tangles
in AD [52]. Besides, previous studies have certified that osteocalcin can cross the blood–
brain barrier and induce the accumulation of calcium and excitatory neurotransmitters in
neurons, thereby affecting cognitive function [53,54]. In the end, estrogen as a significant
hormone in bone homeostasis, has been proven to affect cognitive function through diverse
mechanisms [55].

As previously mentioned, a major strength of this study is that the association analysis
was carried out using PRS, which can combine the impacts of many genetic variants loci
with small effects. Moreover, we conducted the mediation analysis on cognitive function,
which may provide another pathway to explain the effect of BMD on cognitive function.

Nevertheless, there were some potential limitations in this study. Firstly, since this
is a case–control study, our results could be interfered with by selection and recall bias.
Secondly, the sample size in our study was relatively small, so larger sample sizes are
required to validate our study in future studies. Finally, a greater proportion of our study
participants were women, who were generally less likely to have risk factors such as
smoking or alcohol consumption, which may have contributed to the differences with
previous studies.

In summary, this case–control study based on northern Chinese older people verified
associations between the calcium signaling pathway gene and cognitive function and
identified an interaction effect between PRKCA gene variants and bone mineral density on
mild cognitive impairment. This study provided another way to explore the influence of
genetic factors affecting cognitive function. Furthermore, future studies were expected to
confirm our findings, as well as improve our results in a larger population.
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