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Abstract

Background—Deterioration of ionized calcium (Ca2+) handling in neurons could lead to 

neurodegenerative disease. Magnesium (Mg) antagonizes Ca during many physiologic activities, 

including energy metabolism and catalyzation of demethylation from 5-methylcytosine(5-mC) to 

5-hydroxymethylcytosine(5-hmC).

Objective—To test the hypothesis that actively reducing the Ca:Mg intake ratio in the diet 

through Mg supplementation improves cognitive function, and to test whether this effect is 

partially mediated by modified cytosines in Apolipoprotein E(APOE).
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Methods—This study is nested within the Personalized Prevention of Colorectal Cancer Trial 

(PPCCT), a double-blind 2x2 factorial randomized controlled trial, which enrolled 250 

participants from Vanderbilt University Medical Center. Target doses for both Mg and placebo 

arms were personalized.

Results—Among those aged >65 years old who consumed a high Ca:Mg ratio diet, we found 

that reducing the Ca:Mg ratio to around 2.3 by personalized Mg supplementation significantly 

improved cognitive function by 9.1% (p=0.03). We also found that reducing the Ca:Mg ratio 

significantly reduced 5-mC at the cg13496662 and cg06750524 sites only among those aged >65 

years old (p values=0.02 and 0.03, respectively). Furthermore, the beneficial effect of reducing the 

Ca:Mg ratio on cognitive function in those aged over 65 years was partially mediated by 

reductions in 5-mC levels (i.e. cg13496662 and cg06750524) in APOE (p for indirect effect=0.05).

Conclusions—Our findings suggest that, among those age 65 and over with a high dietary 

Ca:Mg ratio, optimal Mg status may improve cognitive function partially through modifications in 

APOE methylation. These findings, if confirmed, have significant implications for the prevention 

of cognitive aging and Alzheimer’s disease.
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INTRODUCTION

Between 2000 and 2015, mortality due to Alzheimer’s disease (AD) increased by 123% [1]. 

No drugs have yet been approved to stop or slow the progression of AD [1]. A delay of five 

years in the expression of AD would reduce the incidence rate by half [2;3]. Thus, it is 

critical to develop novel prevention strategies to delay the onset of this common disease.

The calcium (Ca) hypothesis [4] suggests that deterioration of Ca2+ handling in neurons 

could lead to Alzheimer’s disease and brain aging through dendrite pruning, synapse loss, 

aggregated Aβ (amyloid β-peptide), tau, p-tau, inflammation, mitochondrial dysfunction and 

oxidative stress. Thus, delaying the deterioration of Ca2+ handling in neurons may be a 

promising strategy to reduce the incidence of cognitive decline and AD. It is known that 

magnesium (Mg) is a natural physiologic blocker of Ca2+ channels [5;6]. However, no study 

has examined the Ca:Mg balance in the etiology of cognitive function or AD [4]. Recently, 

we reported that reducing Ca:Mg intake ratios to around 2.3 in the diet among those with 

high Ca:Mg ratios optimized vitamin D status [7-10]. Levels of vitamin D, essential for the 

maintenance of Ca homeostasis [11], have been linked to the risk for AD and dementia 

[12;13]. We also have shown. in a population with very low dietary Ca:Mg intake ratios 

(median=1.7), that when Ca:Mg intake ratios were ≤1.7, high dietary Mg intake was 

significantly associated with increased risks of total mortality and mortality due to 

cardiovascular disease. Conversely, when Ca:Mg intake ratios were >1.7, intakes of Ca and 

Mg were associated with reduced risks of total mortality and mortality due to coronary 

disease [14]. It is known that cardiovascular disease is strongly linked to AD and dementia 

[15]. In the United States, 76% of the general adult population have a Ca:Mg intake ratio of 

≥ 2.6 [7].
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Previous studies found that the Apolipoprotein E (APOE)-ε4 allele, the most important 

genetic factor for sporadic or late-onset AD (LOAD) [16], may contribute to Ca2+ 

dysregulation [4]. Further, the expression of APOE-ε4 predisposes neurons to Ca2+ 

dysregulation and, in turn, cell death [17]. However, genotype is as yet unmodifiable. A 

previous study indicated that increased APOE methylation may serve as a biologic 

mechanism for the age-related effect of APOE genotype [18]. A recent study found that 

increased APOE methylation in blood DNA was associated with reduced cognitive function 

during normal cognitive aging [19]. It is known that DNA methylation changes are inducible 

by environmental exposures, including nutrients [20;21] and reversible when the exposure 

disappears [21]. Thus, reducing APOE methylation may serve as a promising strategy for 

correcting Ca2+ dysregulation and the eventual prevention of AD and cognitive decline.

In addition to being a natural physiologic blocker of Ca2+ channels [5;6], Mg2+ antagonizes 

Ca2+ in reabsorption [22-25], inflammatory responses [26-29], and many other physiologic 

activities [5;26;30-40]. Mg also plays an essential role in energy metabolism, including all 

enzymes utilizing or synthesizing adenosine triphosphate (ATP), and those metabolizing 

glucose and catalyzing glycolysis [31] and regulating insulin [41-45]. Furthermore, ATP has 

to bind to a Mg ion to be biologically active [46-48]. Finally, Mg plays a critical role in 

upregulating insulin-independent glucose transporter (GLUT3) [49] and insulin-responsive 

GLUT4 [50;51]. Thus, it is not surprising that Mg also affects the metabolism of α-

ketoglutarate [52;53], an essential compound for the citric acid cycle. α -ketoglutarate is one 

key factor for ten-eleven translocations (Tets), [54] which catalyze the oxidation of 5-

methylcytosine (5-mC) to 5-hydroxymethylcytosine (5-hmC), an active demethylation 

pathway [55]. Thus, it is possible that improved Mg status may reduce the methylation in 

APOE. 5-mC is often linked to suppressed expression, [56;57] whereas 5-hmC is 

specifically enriched in expressed genes, making open chromatin regions. This may play a 

critical role in activating and/or maintaining gene expression [58;59]. Improved Mg status 

may therefore reduce 5-mC modification in APOE. However, without differentiating 5-mC 

from 5-hmC, the results could be contradictory or diluted. In the current study, we examined 

whether Mg supplementation reduced 5-mC methylation in the APOE gene compared to 

placebo by using the state-of-the-art TET-assisted bisulfite (TAB)-Array to differentiate 5-

mC from 5-hmC signals at base resolution [60].

One randomized trial found that Mg supplementation significantly improved cognitive 

function among older participants with self-reported cognitive complaints [61]. However, 

Ca:Mg balance was not considered in this trial. High Ca supplementation consistently 

increases urinary excretion of Mg in previous randomized trials [22-25]. Kidney 

reabsorption of Mg plays a major role in maintaining Mg homeostasis, [62] with kidney 

function declining with age [63]. Thus, reducing the Ca:Mg ratio may improve body Mg 

status among older individuals who consume high Ca:Mg ratio diets. Furthermore, the 

incidence of aging-related cognitive decline increases exponentially after age 65 [64;65]. In 

this regard, we hypothesize that elevated body Mg status caused by reducing the dietary 

Ca:Mg ratio improves metabolic changes and, in turn, Ca2+ dysregulation. This subsequently 

improves cognitive function among older people who consume high Ca:Mg ratio diets. 

Metabolic changes are considered the upstream event of compromised neuronal Ca2+ 

handling [32] (see Figure 1). Furthermore, in the current study, we focus on testing the 
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hypothesis that one possible pathway by which increased Mg status improves metabolic 

changes and, in turn, Ca2+ dysregulation is through modifying APOE methylation (i.e. 5-mC 

and 5-hmC). We also hypothesize that the effect of Mg supplementation on cognitive 

function may interact with age, being present in older but not younger participants.

MATERIALS AND METHODS

Participants and randomization.

This is an ancillary study nested in the parent study, the “Personalized Prevention of 

Colorectal Cancer Trial” (PPCCT, NCT01105169 at ClinicalTrials.gov). The PPCCT is a 

double-blind 2×2 factorial randomized controlled trial conducted at Vanderbilt University 

Medical Center, Nashville, TN. The detailed design has been reported previously [7;8]. In 

brief, participants aged 40 to 85 years were recruited from Vanderbilt patient sources 

including: 1) 236 individuals with adenomas or hyperplastic polyps diagnosed from 1998 to 

2014 or 2) 14 polyp-free individuals with a high risk of colorectal cancer. Detailed inclusion 

and exclusion criteria have been reported [7;8].

Two 24-hour dietary recalls, which recorded all foods and beverages and their amounts over 

the 24-hour period, were performed for all participants at the baseline of the PPCCT. We 

then calculated nutrient intake levels of Ca, Mg and the Ca:Mg intake ratios for each 24-

hour dietary recall. The mean intake from these two recalls was used to estimate the baseline 

intakes of Ca, Mg and the Ca:Mg ratio. For example, an individual had dietary intake levels 

of Ca and Mg at 1200 mg/day and 300 mg/day, respectively, with a Ca:Mg intake ratio of 4. 

Three sizes of Mg glycinate capsules were used in this study. Identical-appearing placebo 

(made from lactose) were made to match these three magnesium capsules. The participant 

was assigned to a personalized dose of Mg supplementation that would reduce the Ca:Mg 

intake ratio to around 2.3, suggested by previous studies [6;7;14;66-69]. Identical-appearing 

placebos were made to match Mg capsules. Mg glycinate and placebo (i.e. microcrystalline 

cellulose) were provided in capsules. The capsules were filled by the Vanderbilt 

Investigational Pharmacy personnel following USP 797 conditions according to the 

compounding instructions. The intervention period was 12 weeks.

To reduce the Ca:Mg ratio from 4 to the target ratio of 2.3, the participant was assigned to a 

dose (e.g., in this example, 221.7 mg/day) that would reduce the Ca:Mg intake ratio. Each 

dose corresponds to one or multiple capsules from three different sizes of magnesium 

supplementation or placebo. Based on a participant’s baseline intakes of Ca and Mg as well 

as their Ca:Mg intake ratio, eligible participants were those who had a Ca intake ≥ 700 

mg/day and < 2000 mg/day and in whom the Ca:Mg intake ratio was ≥ 2.6. Eligible subjects 

were assigned to Mg treatment or placebo according to the randomization schedule. 

Participants, study investigators and staff were blinded to the assigned interventions.

The Vanderbilt Clinical Pharmacist in the Investigational Drug Service dispensed the 

capsules. Blinding was implemented through the Vanderbilt Investigational Drug Service 

(VIDS). Four additional 24-hour dietary recalls were conducted for all participants during 

the intervention period with two during weeks 1 to 6 and the other two during weeks 6 to 12. 

Blood samples were collected and processed at each clinic visit. Anthropometric 
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measurements (weight, height, waist and hip circumference) were measured at least twice at 

each clinic visit.

265 participants were randomized and allocated to the Mg treatment arm or the placebo arm. 

15 participants withdrew consent before taking Mg treatment or placebo. Of these, 250 

randomized participants started treatments, and 239 completed the trial, with 11 participants 

finishing part of the study before withdrawing [7]. Six of the withdrawals were due to self-

reported adverse events (four withdrawals in the treatment arm and two in the placebo arm). 

One of them had donated blood at baseline and at the end of the trial. Therefore, in the 

current study, 240 participants were included who had blood collected at baseline and at the 

end of the trial.

Measurement of cognitive function and blood pressure

Cognitive function was measured by the Montreal Cognitive Assessment (MoCA) [70]. The 

MoCA was developed as a brief but sensitive screening instrument to detect mild cognitive 

impairment [70]. It measures the following cognitive domains: attention and concentration, 

executive function, memory, language, visuoconstructional skills, conceptual thinking, 

calculation, and orientation. IRB approval was obtained to add the MoCA component on 

Dec.11 2012, which was about 21 months after the trial started. During the clinic visit, 

participants were asked to complete the MoCA at baseline and the end of the trial, which 

was administered by trained staff. From Dec. 12, 2012 to Jan 30, 2016, we enrolled 129 

participants in the ancillary study of cognitive function (Figure 1). Of these, we measured 

pre-and post- treatment MoCA for 95.3% (i.e. 123 participants). The mean (standard 

deviation) days between the first test and the last test was 86.2 (sd=8.8) days. Blood 

pressures including both systolic blood pressure and diastolic blood pressure were measured 

for all participants at baseline.

Measure of 5-mC and 5-hmC at single resolution for the APOE gene.

All 240 participants who were enrolled in the PPCCT and had blood DNA samples available 

at the baseline and the end of the trial were included in the current study to examine the 

effect of reducing the Ca:Mg ratio on methylation modifications in the APOE gene. In order 

to minimize potential errors caused by batch effects, samples were randomly organized in 

treatment-placebo (i.e. one treatment arm with one placebo arm) sets (4 samples in each set: 

2 from pre-, and 2 from post-treatment). Lab staff were blinded to sample status (i.e. 

treatment vs. placebo and pre-treatment vs. post-treatment status).

Genomic DNA was extracted from buffy coat fractions collected using a QIAamp DNA 

mini-kit (Qiagen Inc, Germantown, MD) according to the manufacturer's protocol [66]. 

DNA quality was examined using standard molecular biology protocols. We used the TET-

assisted bisulfite (TAB)-Array, which combines TET-assisted bisulfite conversion with the 

Infinium Methylation EPIC array (EPIC array) to differentiate 5-hmC and 5-mC signals at 

base resolution [60]. Our detailed approach was reported previously [60;71]. Using this 

technique, we were able to measure conventional bisulfite conversion-based (BS) 5-mC 

biomarkers as well as both 5-mC from 5-hmC biomarkers simultaneously.
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The β-values for 5-mC and 5-hmC were estimated using the Maximum Likelihood Estimate 

from the paired bisulfite conversion and TAB-treated samples [71]. The following quality 

control steps were taken: 1) We excluded low-quality probes where the number of beads < 3 

or the detection P-value > 0.05 [72]; 2) Exclusion of CpGs with a detection rate <95% and 

samples with the percentage of low-quality methylation measurements >5% or extremely 

low signal of BS probes [72]; 3) Exclusion of extreme outliers, as defined by the Tukey’s 

method [73], based on average total signal value across CpG probes; 4) Remaining samples 

were preprocessed using the R package ENmix to improve accuracy and reproducibility 

[72]; 5) Dye bias was corrected using regression on a logarithm of internal control probes 

[74]; 6) Quantile-normalization of signal for Infinium I or II probes, and 7) Lastly, extreme 

methylation β value (i.e., the proportion of methylated signal in total signals from 0 to 1) 

outliers across samples, defined by Tukey’s method, were set as missing. In total, cytosine 

modification data for 224 participants out of 240 passed the seven quality control steps. In 

the current study, we kept all 15 CpG sites related to the APOE gene after quality control for 

224 participants.

Statistical analyses.

Continuous demographic variables (mean ± standard deviation) and categorical demographic 

variables (percent) were compared between treatment and placebo arms (Table 1). In 

Supplemental Table S1, we compare the demographic variables between all participants 

(N=240) and those with MoCA scores (n=123). The Wilcoxon rank sum test was conducted 

to evaluate continuous variables, while Pearson chi-squared tests were conducted to compare 

categorical variables. Since aging-related reduction in cognitive function most often occurs 

after age 65 [64;65], we examined the ages from 60 to 70 years old as potential cut-points in 

the stratified analyses by age. Linear regression models were fitted to examine the effect of 

Mg treatment on changes of MoCA score and cytosine modifications (BS, 5-mC and 5-

hmC) in the APOE gene adjusting for age, sex, education and baseline MoCA score or 

baseline levels of cytosine modification biomarkers, respectively. Causal Mediation Analysis 

was used to examine whether the reduction in 5-mC methylation levels in the APOE gene 

mediated the effect of reducing Ca:Mg ratio on the improvement of MoCA score [75]. The 

CAUSALMED procedure in SAS was used to implement the regression adjustment method 

to estimate causal mediation effects. All P values are two sided and statistical significance 

was determined using an alpha level of 0.05. The data analyses used software SAS 

Enterprise Guide 7.1.

RESULTS

We compared baseline demographic variables between all 240 participants enrolled in the 

parent study and 123 participants who completed both pre- and post-treatment MoCA tests 

(Supplemental Table S1). No significant difference was found for any demographic variables 

between these two groups.

In Table 1, we compare the baseline characteristics between the treatment and the placebo 

arm for 123 participants who completed two MoCA tests. Compared to the placebo arm, we 

did not find that treatment assignment was significantly different on means or distributions 

Zhu et al. Page 6

J Alzheimers Dis. Author manuscript; available in PMC 2020 December 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



for baseline demographic variables, including age, sex, smoking status, alcohol drinking 

status, physical activity status, educational achievement, race, sample collection season, 

daily intake of total energy, total Mg, Ca, intake ratio of Ca to Mg and baseline overall 

MoCA cognitive score as well as factors related to vascular disease, including body mass 

index (BMI), eGFR and blood pressure (Table 1). However, age, sex and education were still 

adjusted for in the subsequent analyses due to their potential impact on cognitive function. 

Furthermore, we found that mean levels were <130 mmHg and <80 mmHg for systolic 

blood pressure and diastolic blood pressure, respectively. The mean daily dose of 

personalized Mg supplementation was 216.5 mg with a range from 77.25 mg to 389.55 mg. 

Compliance with the pill regimen was very high for both the placebo and treatment arms 

(mean (standard deviation) based on pill counts were 96.1% (8.3) and 95.9% (10.2), 

respectively, and p=0.37 for difference between the arms). The mean Ca:Mg ratios (standard 

deviations) for the treatment and placebo arms after administering Mg and placebo 

supplementation were 2.28 (0.12) and 4.04 (1.80) respectively (p for difference, <0.001), 

based on the two 24-hour dietary recalls performed at baseline and remained stable at 2.04 

(0.64) and 3.57 (1.45), respectively (p for difference, <0.001) based on the four 24-hour 

dietary recalls conducted over the 12-week period of the trial.

We found that reducing the Ca:Mg ratio by personalized dose of Mg treatment did not 

significantly change overall MoCA scores compared to the placebo arm (p=0.20) (Table 2). 

However, based on our hypothesis, we examined whether the effect of reducing Ca:Mg ratio 

on MoCA scores differed by age. We compared the different ages from 60 to 70 years as an 

effect modifier on the Mg treatment effect on MoCA (Supplemental Table S2) and found 

that 65 years old (≤65 vs. >65 years old) provided the best cut-point. Using this cut-point, 

we found a p-value for interaction between Mg treatment and age of 0.08 for overall MoCA 

score. In stratified analyses by age, we found that reducing the Ca:Mg ratio significantly 

improved overall MoCA score compared to the placebo arm (p=0.01) (Table 2) among those 

aged >65 years, but had no effect among those aged ≤65 years (p=0.90). Reducing the 

Ca:Mg ratio improved cognitive function by 9.1% in those aged > 65 years old over the 12-

week period (Table 2).

Shown in Table 3, Supplemental Table S3 and Supplemental Table S4 are the effect of 

reducing the Ca:Mg ratio on APOE cytosine modifications 5-mC, 5-hmC & BS, 

respectively. We found that reducing the Ca:Mg ratio did not significantly affect BS or 5-

hmC methylation in the APOE gene after false discovery rate (FDR)-adjustment. However, 

after FDR adjustment, reducing the Ca:Mg ratio significantly reduced 5-mC methylation at 

the cg13496662 CpG locus, but significantly increased 5-mC methylation at the cg18768621 

CpG locus compared to placebo (Table 3). Next, we examined whether age modifies the 

effect of reducing the Ca:Mg ratio on APOE cytosine modifications. We found that age (>65 

vs. ≤65) significantly modified the effect of reducing Ca:Mg ratio on the 5-mC methylation 

levels at cg06750524 CpG locus (p for interaction, 0.04) (Table 4). In additional analyses, 

we found that this age cut-point was also the best one for the cg06750524 CpG locus 

(Supplemental Table S2).

In stratified analysis by age (Table 4), we found that reducing the Ca:Mg ratio only 

significantly reduced 5-mC methylation at the cg06750524 CpG locus (by 6.1%) in those 
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aged >65 years old. We also conducted stratified analyses by age for the two CpG sites 

(cg13496662 cg18768621) that were identified in Table 3. We found that reduction of the 

Ca:Mg ratio significantly reduced the 5-mC levels at cg13496662 CpG locus (by 6.8%) only 

among those aged >65 years, and significantly increased the 5-mC levels at the cg18768621 

CpG locus (13.2%) among those aged ≤65 years old (Table 4).

Since reducing Ca:Mg ratios significantly reduced both cg13496662 and cg06750524 CpG 

sites in the APOE gene only among those participants older than 65, we examined whether 

the reduction in 5-mC methylation at these two CpG sites jointly mediated the effect of 

reducing Ca:Mg ratio on MoCA scores. Table 5 shows results from the mediation analysis. 

The analysis showed that a partial mediation exists for reducing the Ca:Mg ratio on MoCA 

scores through a joint effect of these two CpG sites (p for indirect effect, 0.05). The indirect 

effect accounted for 86% of the total effect. In the mediation analysis using single 5-mC 

CpG site (either cg13496662 or cg06750524) in APOE, the indirect effect was not 

statistically significant (p values=0.28 and 0.46, respectively).

DISCUSSION

In this precision-based randomized trial conducted among participants who consumed high 

Ca:Mg ratio diets, we found that reducing the Ca:Mg ratio to around 2.3 by personalized Mg 

supplementation significantly improved cognitive function by 9.1% (p=0.03) compared to 

placebo only among those participants aged over 65. We also found that reducing the Ca:Mg 

ratio significantly reduced 5-mC levels at cg13496662 CpG site after FDR adjustment and 

this effect also existed only in those aged >65 years old. Older age also significantly 

modified the effect of reducing the Ca:Mg ratio on the 5-mC at the cg06750524 CpG site. 

Furthermore, we found that the beneficial effect of reducing the Ca:Mg ratio on cognitive 

function in those aged over 65 years old may be partially mediated by the joint effect of 5-

mC modifications from the two CpG sites (i.e. cg13496662 and cg06750524) in the APOE 
gene in the mediation analysis. To our knowledge, no study has evaluated how to modify 

APOE cytosine modification, nor examined the effect of Mg treatment on DNA methylation. 

This is also the first study to examine the effect of modulating the Ca:Mg ratio on cognitive 

function in those who consumed high Ca:Mg ratio diets.

LOAD comprises 95% of all AD cases [1;76]. In addition to LOAD, the APOE ε4 allele has 

been linked to an increased risk for atherosclerosis, [77] which contributes to cognitive 

decline and dementia [78]. One common major risk factor for both LOAD [1;76] and 

atherosclerosis [79] is advanced age. Aging-related reductions in cognitive function increase 

exponentially after age 65 [64;65]. Thus, there is biologic plausibility for the effect of 

reducing the Ca:Mg ratio on cognitive function improvement among older participants. 

Furthermore, kidney function declines with aging [63]. The loss of Mg in urinary excretion 

due to a high Ca:Mg ratio may be compensated for by better kidney function among younger 

participants (≤65 years old) [80].

A promising finding from this study is that the beneficial effect of reducing the Ca:Mg ratio 

on cognitive function in those aged >65 years old may be partially mediated by the joint 

effect of 5-mC modifications on two CpG sites (i.e. cg13496662 and cg06750524) in the 
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APOE gene in the mediation analysis. Besides age, the APOE ε4 allele is the most important 

risk factor for LOAD [16]. Although APOE genotype cannot be modified, not everyone 

carrying the ε4 allele develops LOAD [81]. Thus, modifying the APOE phenotype is a very 

promising strategy for the prevention of cognitive decline and LOAD. Interestingly, a recent 

study found that an increased APOE methylation at multiple CpG sites in blood DNA was 

associated with reduced cognitive function in African Americans during normal cognitive 

aging [19]. Furthermore, a large study found that APOE methylation was inversely 

correlated with gene expression [18] while APOE methylation determined in blood DNA 

was positively correlated with age and there was an interaction between increasing age and 

APOE genotype on levels of APOE methylation [18]. In particular, the cg06750524 CpG 

site was significantly linked to APOE variants (ε2 carriers < ε3/ ε3 < ε4 carriers, 

p=3.51×10−5). Further, the study observed that APOE methylation patterns were similar 

across multiple cell types, including brain and blood. Strikingly, the study was consistent 

with the fact that two single nucleotide polymorphisms (SNPs) determining APOE ε4 

variants were CpG-related SNPs and that ε4 carriers have the largest number of CpG sites, 

including the cg06750524 CpG site [18]. The study found additionally that methylation in 

cg06750524 was the only CpG site positively associated with low-density lipoprotein 

(LDL)-cholesterol (c) (p=0.01) [18]. Interestingly, we found that the level of 5-mC at the 

cg06750524 CpG site was significantly reduced in those aged >65 years old with lowered 

Ca:Mg ratio compared to placebo, and that the reduction in 5-mC at the cg06750524 CpG 

site also contributed to cognitive improvement. These findings suggest that we may be able 

to modify the phenotype of APOE-ε4 variants through modification of 5-mC methylation. In 

addition to cg06750524, in our study, we found that Mg treatment significantly reduced the 

5-mC level at the cg13496662 CpG site compared to the placebo arm. cg13496662 is 

contained in the EPIC array we used. However, the published study used the Infinium 

HumanMethylation450 BeadChip array, which was the earlier version of the EPIC array, 

which does not contain cg13496662 [18]. Furthermore, the published study measured 

overall methylation, which does not differentiate 5-mC from 5-hmC [18]. Thus, future 

studies measuring both 5-mC and 5-hmC and covering all CpG sites in the APOE gene are 

warranted to further understand the functional significance of our findings.

Unlike the aforementioned studies conducted in non-LOAD patients, four previous case-

control studies were conducted to compare the methylation in the APOE gene between 

LOAD cases and controls. One study found elevated methylation levels in APOE in blood 

DNA in LOAD cases compared to their twin controls [82]. The other three studies, which 

used both brain tissue DNA and blood DNA, found differences in methylation in the APOE 
gene between cases and controls [83-85]. However, these studies also found that there were 

differences in methylation in the APOE gene between brain DNA and blood DNA. Due to 

the use of the case-control study design, the temporal sequence is unclear in these studies 

because the difference in methylation in the APOE gene between brain and blood DNA 

could be caused by AD pathogenesis-related pathology in brain.

Ca2+ signaling regulates neuronal gene expression, energy production, membrane 

excitability, synaptogenesis, synaptic transmission, and processes supporting learning and 

memory as well as cell survival [86]. Due to the important role of APOE in Ca2+ signaling 

[4;17], reducing Ca:Mg ratios may reduce 5-mC in the APOE gene, and in turn, lead to 
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improvements in Ca2+ dysregulation [4;17] and cognitive function. However, in the 

mediation analysis, we found that the effect of reducing the Ca:Mg ratio was partially 

mediated by the reduction in 5-mC in the APOE gene. This is consistent with the fact that as 

an antagonist of Ca2+, elevated Mg status improved energy metabolism. In addition, many 

physiologic activities related to Ca2+ [5;22-40] may be affected through not only the 

methylation of the APOE gene, but also through vitamin D status [7-10] or directly on Ca2+ 

signaling. This subsequently leads to cognitive improvement [4].

Several animal studies have found that elevated levels of Mg in brain through Mg 

supplementation may protect or even reverse cognitive function and synaptic loss in AD 

mouse models [35;38;87]. Furthermore, one human trial of Mg supplementation conducted 

in older adults with self-reported cognitive complaints (memory and concentration) [61] 

found a 19.8% improvement in overall cognitive score (p=0.047). Unlike these previous 

animal and human studies conducted in an AD model or at a high risk for AD, our 

randomized trial was conducted in individuals who were generally healthy and consumed 

high Ca:Mg ratio diets, a feature of Western diets compared to East Asian diets [6;14;66-69]. 

Thus, it is not surprising that the improvement in cognitive function (9.1%) observed in our 

trial is not as strong as that found in previous studies. Additionally, the effect of reducing the 

Ca:Mg ratio was significant only among those aged >65 years old. Our results may also 

provide a possible explanation for the inconsistent finding on the associations between Mg 

intake or serum Mg with risk of dementia or cognitive impairment observed in a few cohort 

studies [88] because none of those studies have considered Ca:Mg balance. Two cohort 

studies have been conducted specifically on AD, and both indicated possible U-shaped 

associations. The Rotterdam Study, which measured serum Mg [89], found that both low 

serum Mg (≤0.79 mmol/L) or high serum Mg (≥0.90 mmol/L) were associated with an 

increased risk for dementia and AD. The Hisayama Study in Japan evaluated dietary intake 

of Mg [90] and found that only the middle two quartiles of Mg intake, but not the highest 

quartile, were associated with more than a 40% reduced risk for AD compared with the 

lowest intake quartile. It is possible that the U-shaped associations between Mg and AD risk 

are due to the modifying effect of the Ca:Mg ratio.

The current study has several strengths, including the double-blinded randomized and 

placebo-controlled design. Furthermore, a precision-based design is utilized. Thus, all the 

background intakes of Mg and Ca from both diet and supplements were measured twice 

before and four times during the treatment and a personalized dosing strategy of Mg 

supplementation was administered to each participant. We found that the Ca:Mg ratios 

remained stable over the 12-week study period. In addition, we had a high compliance with 

the study medication and the dropout rate was very low. The study has some weaknesses 

though. The primary concern is that in this ancillary study, cognitive function was only 

measured in a little over half of participants from the parent study. We found no significant 

differences for any demographic variables between all participants enrolled in the parent 

study and the participants who completed both pre- and post-treatment MoCA tests. 

However, our study may be underpowered. For example, the effects of reducing the Ca:Mg 

ratio on single cognitive domains were not significant. Also, we found that Mg treatment 

significantly reduced the 5-mC at both cg06750524 and cg13496662 CpG sites compared to 

the placebo arm in all participants. However, in the mediation analysis in the subset with 
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cognitive function measures, we found that the single CpG site did not significantly 

contribute to the indirect effect. The non-significant effects could be due to small sample 

size. Thus, future larger studies are required to confirm these findings. Also, our findings 

might be explained by regression to the mean. However, we adjusted baseline levels of 

cognitive function and APOE cytosine modification levels in regression models and the 

baseline cognitive scores are not different between treatment and placebo arms. In this 

ancillary study, we only included participants who completed the trial and provided DNA 

samples at baseline and at the end of the trial, but not those who enrolled and withdrew 

because DNA samples were required for the assay APOE cytosine modification. Thus, the 

analyses were not carried out on an intention-to-treat sample. There is a possible training 

effect that could account for improvements in cognitive performance. However, this effect 

would exist in the both treatment and placebo arms and all statistical analyses were based on 

the comparison between the treatment arm and the placebo arm. In addition to intake of Mg, 

other factors such as intakes of other minerals (e.g. calcium) [23-25;27-29;91;92], alcohol 

drinking [93;94], absorption and reabsorption rates [28;62], and use of medications (e.g. 

proton pump inhibitors, and thiazide diuretics) [95-101] affect body Mg status. However, 

serum Mg, which is used to clinically diagnose Mg deficiency, is a poor measurement of 

body Mg status [101-103]. Since our study is an RCT, those factors affecting Mg and Ca 

absorption and reabsorption are likely balanced in the treatment and placebo arms through 

the randomization process. However, our findings need to be confirmed in future studies by 

accurately measuring body Mg status. Another weakness of the current study is that we do 

not have genotyping data for the APOE gene. Future studies are needed to examine whether 

the effect of reducing Ca:Mg intake ratios differs by APOE genotype. In the parent study, a 

majority of participants were previously diagnosed with colorectal adenomas or hyperplastic 

polyps. Although the prevalence of colorectal polyps is very high (almost 2/3 in the U.S. 

screening population [104]) and polyp(s) and adenoma(s) were removed when they 

participated in the trial, cautious interpretation of our results is warranted, particularly 

regarding generalization of our findings to individuals who are not diagnosed with colorectal 

polyp. No patients diagnosed with Alzheimer’s disease were included in our randomized 

trial. Thus, the effect of reducing Ca:Mg ratio on Alzheimer’s disease and the demethylation 

of APOE gene remains to be determined. Future longitudinal studies are required to 

determine whether the beneficial effect of reducing Ca:Mg intake ratios on cognitive 

function has a lasting effect beyond three months. Future studies are also required to 

specifically examine how Mg supplementation affects neuronal calcium homeostasis.

In summary, among individuals with the Ca:Mg intake ratios equal to or over 2.6, reducing 

Ca:Mg ratios to around 2.3 improved cognitive function among those aged >65 years old 

and the effect was partially affected by the reduction in 5-mC modifications (i.e. 

cg13496662 and cg06750524) in the APOE gene. These findings, if confirmed, have 

significant implications for the prevention of cognitive decline and LOAD by modifying the 

phenotypes of the APOE genotype.
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Figure 1. 
Directed Acyclic Graph To Illustrate Potential Causal Pathways

(Bolded are the focuses to be tested in the current study)
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Table 1.

Descriptive characteristics of treatment vs. placebo at baseline

Placebo
(N=64)

Treatment
(N=59) P value

Age, year 60.1±8.1 60.1±7.6 0.73
1

Age >65 year (%) 25.0 27.1 0.79

Sex - male (%) 43.7 44.0 0.97
2

Body mass index (BMI), kg/m2 30.9±7.0 29.9±6.0 0.52
1

Systolic blood pressure (mmHg) 127.9±15.2 127.4±15.5 0.92

Diastolic blood pressure(mmHg) 75.0±8.5 75.3±8.8 0.77

eGFR, ml/min/1.73m2 79.3±14.9 82.7±13.5 0.15
1

Smoking status (%)
0.90

2

 Never 59.4 55.2

 Ever 34.4 37.9

 Current 6.2 6.9

Drinking status (%)
0.21

2

 Never 39.0 35.6

 Ever 21.9 11.9

 Current 39.1 52.5

Physically active in ≥ 2 days per week (%) 87.5 84.8 0.66
2

Education under college (%) 10.9 10.2 0.89
2

Race (%)
0.51

2

 White 98.4 96.6

Daily nutrients intake

 Total energy (kcal) 2082.4± 663.8 1974.3±467.5 0.33
1

 Total Ca (mg) 1283.3±359.0 1299.4± 330.7 0.68
1

 Total Mg (mg) 336.8± 100.9 350.4±81.0 0.23
1

 Ca:Mg intake ratio 4.0±1.8 3.8±1.1 0.49
1

Seasons (%)

 Spring 20.3 20.3 0.92
2

 Summer 43.7 47.5

 Fall 14.1 15.2

 Winter 21.9 16.9

MoCA scores 27.2±2.2 27.0±2.7 0.92
1

Continuous variables: X±SD; categorical variables: %

Tests used:

1
Wilcoxon test
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2
Pearson chi-square test

eGFR: estimated glomerular filtration rate
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Table 2.

Changes in cognitive function by Mg treatment vs. placebo

Cognitive function
Change from Baseline

P1 P2
Placebo Change (%) Mg Treatment Change (%)

Total

 Overall MoCA score (n=123) 0.6 ± 2.6 2.1 1.1 ± 2.3 4.1 0.22 0.20

Aged >65 years old

 Overall MoCA (n=32) 0.5 ± 1.9 1.9 2.3 ± 2.7 9.1 0.03 0.01

Age≤ 65 years old

 Overall MoCA (n=91) 0.6 ± 2.8 2.4 0.7 ± 2.0 2.1 0.89 0.90

Mean ± standard deviation

P1: p value for unadjusted GLM model; and P2: p value for GLM model additionally adjusting for age, sex, education and baseline levels

P2: value for interaction between treatment and age: 0.08 for overall MoCA

Mg: magnesium
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Table 3

Changes in 5-mC methylation (CpG sites) in APOE by Mg treatment vs. placebo

CpG sites

Changes from baseline
P1 P2 FDR

Placebo Change
(%) Treatment Change

(%)

cg20051876 0.002±0.034 −0.001(−0.020-0.018) 0.2 0.000±0.029 0.002(−0.021-0.018) 0.0 0.63 0.63 0.67

cg14123992 −0.002±0.039 −0.003(−0.021-0.024) −0.2 0.001±0.033 0.003(−0.015-0.024) 0.1 0.52 0.42 0.67

cg04406254 −0.009±0.059 −0.006(−0.044-0.025) −1.3 0.004±0.047 0.004(−0.034-0.041) 0.6 0.07 0.08 0.25

cg26190885 0.002±0.015 0.000(−0.001-0.005) −14.6 0.004±0.017 0.000(−0.000-0.011) 46.9 0.24 0.28 0.61

cg12049787 0.000±0.008 0.001(−0.004-0.006) 0.0 −0.000±0.008 0.000(−0.006-0.005) 0.0 0.41 0.45 0.67

cg08955609 −0.001±0.008 −0.000(−0.005-0.004) −11.5 0.001±0.008 0.000(−0.003-0.004) 12.1 0.05 0.05 0.24

cg18768621 −0.003±0.025 −0.003(−0.014-0.009) −6.3 0.006±0.025 0.005(−0.010-0.021) 13.3 0.006 0.007 0.05

cg19514613 −0.002±0.028 −0.000(−0.015-0.013) −1.9 0.006±0.027 0.007(−0.012-0.025) 5.7 0.05 0.07 0.25

cg06750524 0.006±0.071 0.007(−0.028-0.048) 3.4 0.001±0.056 0.002(−0.030-0.033) 0.6 0.60 0.58 0.67

cg16471933 0.002±0.060 −0.000(−0.040-0.041) 0.2 −0.004±0.057 −0.001(−0.039-0.036) −0.5 0.44 0.48 0.67

cg05501958 −0.001±0.018 0.001(−0.009-0.009) −0.1 −0.000±0.018 0.000(−0.006-0.012) 0.0 0.84 0.91 0.91

cg18799241 0.000±0.020 0.000(−0.012-0.013) 0.0 0.002±0.017 0.002(−0.008-0.013) 0.2 0.57 0.54 0.67

cg21879725 0.002±0.028 0.004(−0.013-0.019) 0.2 −0.003±0.030 −0.003(−0.023-0.012) −0.3 0.21 0.20 0.51

cg17928676 0.002±0.027 0.003(−0.014-0.020) 1.0 0.004±0.032 0.004(−0.015-0.024) 2.0 0.55 0.59 0.67

cg13496662 0.006±0.067 0.004(−0.038-0.040) 1.8 −0.018±0.060 −0.014(−0.058-0.017) −5.5 0.005 0.004 0.05

Mean ± standard deviation, median (p25, p75)

P1: p value for GLM model; P2: p value for GLM model additionally adjusting for age, sex, education and baseline level

FDR: false discovery rate; Mg: magnesium; APOE: Apolipoprotein E gene
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Table 4

Mg treatment and changes in 5-mC methylation (CpG sites) in APOE stratified by age

CpG sites
Changes from baseline

P1 P2
Placebo Changes (%) Treatment Changes (%)

Aged >65 years old

cg18768621 −0.001±0.026 
−0.003(−0.014-0.015) −2.1 0.006±0.029 

0.003(−0.017-0.021)
13.4 0.28 0.25

cg06750524 0.020±0.055 
0.014(−0.020-0.056) 10.9 −0.011±0.055 

−0.006(−0.047-0.024)
−6.1 0.02 0.03

cg13496662 0.012±0.057 
0.026(−0.018-0.043) 3.9 −0.021±0.060 

−0.023(−0.054-0.011)
−6.8 0.02 0.02

Age≤ 65 years old

cg18768621 −0.004±0.024 
−0.004(−0.017-0.008) 0.05 0.006±0.023 

0.006(−0.008-0.021)
13.2 0.008 0.006

cg06750524 −0.001±0.077 
0.002(−0.040-0.043) 0.17 0.006±0.056 

0.002(−0.024-0.042)
3.5 0.52 0.53

cg13496662 0.003±0.071 
−0.001(−0.048-0.039) 0.3 −0.017±0.061 

−0.008(−0.060-0.020)
−5.0 0.06 0.06

Mean ± standard deviation, median (p25, p75)

P1: p value for GLM model; P2: p value for GLM model additionally adjusting for age, sex, education and baseline level P values for interactions: 

0.61 for cg18768621, 0.04 for cg06750524, 0.52 for cg13496662

Mg: magnesium; APOE: Apolipoprotein E gene
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Table 5

Total, direct and indirect effects of reducing Ca:Mg ratio on MoCA score among those aged older than 65 

years

Estimate 95% CI* P value

Joint effect of cg13496662 and cg06750524

Total effect −1.40 −3.06, 0.15 0.02

Direct effect −0.19 −1.94, 2.18 0.81

Indirect effect −1.21 −3.38, 0.57 0.05

cg13496662 CpG site as a mediator

Total effect −1.35 −3.18, −0.07 0.02

Direct effect −1.05 −2.76, 0.07 0.09

Indirect effect −0.30 −1.43, 0.17 0.28

cg06750524 CpG site as a mediator

Total effect −1.48 −3.06, 0.01 0.01

Direct effect −1.24 −3.00, 0.19 0.06

Indirect effect −0.23 −1.06, 0.32 0.46

Bootstrap bias corrected. Mg: magnesium; APOE: Apolipoprotein E gene
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