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ARTICLE INFO ABSTRACT
Article History: Objectives: The viral entry of SARS-CoV-2 requires host-expressed TMPRSS2 to facilitate the viral spike pro-
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tein priming. This study aims to test the hypothesis that magnesium (Mg) treatment leads to DNA methyla-
tion changes in TMPRSS2.

Methods: This study is nested within the Personalized Prevention of Colorectal Cancer Trial, a double-blind
2 x 2 factorial randomized controlled trial, which enrolled 250 participants from Vanderbilt University Medi-
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_ll\_/l]\;lgj;?s'; m Results: We found that 12 wk of personalized Mg treatment significantly increased 5-methylcytosine methyl-
Methylation changes ation at cg16371860 (TSS1500, promoter) by 7.2% compared to the placebo arm (decreased by 0.1%) in those
COVID-19 ages < 65 y. The difference remained statistically significant after adjusting for age, sex, and baseline methyl-
SARS-CoV-2 ation as well as correction for false discovery rate (adjusted P = 0.014). Additionally, Mg treatment signifi-

cantly reduced 5-hydroxymethylcytosine levels at cg26337277 (close proximity to TSS200 and the 5
untranslated region, promoter) by 2.3% compared to an increase of 7.1% in the placebo arm after adjusting
for covariates in those ages < 65y (P = 0.003). The effect remained significant at a false discovery rate of 0.10
(adjusted P=0.088).
Conclusions: Among individuals ages < 65 y with calcium-to-magnesium intake ratios equal to or over 2.6,
reducing the ratio to around 2.3 increased 5-methylcytosine modifications (i.e., cg16371860) and reduced 5-
hydroxymethylcytosine modifications (i.e., cg26337277) in the TMPRSS2 gene. These findings, if confirmed,
provide another mechanism for the role of Mg intervention in the prevention of COVID-19 and treatment of
early and mild disease by modifying the phenotype of the TMPRSS2 genotype.

© 2021 Elsevier Inc. All rights reserved.
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disease 2019 (COVID-19), caused by severe acute respiratory syn-
drome coronavirus 2 (SARS-CoV-2), had led to 14.2 million con-
firmed cases and 276000 deaths. Up to 20% of symptomatic
individuals will progress to severe or critical illness, ranging from
hospitalization to death, whereas some with mild symptoms may
also experience a variably prolonged period of recovery with long-
term complications [1]. Current antiviral pharmaceutical therapeu-
tics, such as remdesivir, targeting hospitalized patients with
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COVID-19 have not achieved statistically significant benefits on
mortality in randomized trials [2—5]. While awaiting global vacci-
nation for SARS-CoV-2 to end the COVID-19 pandemic and confir-
mation that vaccination provides complete protection in adults
and against multiple SARS-CoV-2 variants [6—-8], the National
Institutes of Health highlights an urgent need for interventions
which can be administered early during the course of infection to
prevent disease progression to severe COVID-19, speed recovery,
and prevent long-term complications [1].

In a precision-based randomized trial [9], we reported that
improved magnesium (Mg) status led to an optimal level of vita-
min D. A recent trial further confirmed this finding that Mg treat-
ment improves vitamin D status [10]. We also previously found
that high circulating levels of vitamin D were prospectively related
to reduced risk of cardiovascular mortality only when Mg intake
was adequate [11]. Based on our findings, a recent study found
that a combination treatment of Mg and vitamin D3 within the rec-
ommended dietary allowance plus vitamin By, reduced the risk of
severe illness from COVID-19 by 80% [12]. Although cross-sectional
studies investigating the correlation between vitamin D levels and
COVID-19 severity and mortality [13] have been inconclusive, and
a large-scale prospective cohort study in the UK Biobank found
that serum 25-hydroxyvitamin D (25(0OH)D) was not related to risk
of severe COVID-19 after adjustment for confounding factors [14].
A recent open-label trial using calcifediol (i.e., 25(OH)D) treatment
starting at 64 times the recommended dietary allowance [15] sub-
stantially reduced the need for intensive care unit care among hos-
pitalized COVID-19 patients [16]. However, in a recent randomized
trial conducted among hospitalized patients with COVID-19, a sin-
gle high dose of vitamin D3 did not significantly reduce hospital
length of stay compared with placebo [17].

In addition to optimizing 25(0OH)D levels, Mg activates the con-
version from 25(0OH)D to 1,25-dihydroxyvitamin D, the active form
of vitamin D [18]. People with “Mg-dependent vitamin-D-resistant
rickets” [19] caused by Mg deficiency were resistant to vitamin D
treatment alone, with no change in blood measures of 1,25-dihy-
droxyvitamin D at doses up to 600 000 IU [18]. However, they dra-
matically responded to Mg treatment, particularly treatment of Mg
plus vitamin D [18,20]. Collectively, these varied findings support
the hypothesis that the synergistic interaction between Mg and
vitamin D may substantially reduce the doses required for vitamin
D to reduce the severity of COVID-19. Since 79% of US adults do not
meet the recommended dietary allowance of Mg [21], using the
combination prophylaxis strategy of vitamin D plus Mg could be a
crucial strategy for treating COVID-19.

The viral entry of SARS-CoV-2 depends on binding of the viral
spike proteins to cellular receptors (i.e., angiotensin-converting
enzyme), which requires host-expressed transmembrane serine
protease 2 (TMPRSS2) to facilitate spike protein priming [22]. In
vitro studies have shown that a TMPRSS2 inhibitor partially
blocked SARS-CoV-2 from entering into lung epithelial cells [22].
Animal studies have found that TMPRSS2 knockout mice infected
with HIN1 influenza had minimal infection and largely attenuated
disease severity [23]. Supporting the findings in mice, a recent
cohort study found that TMPRSS2 expression levels and genetic
variants played an essential role in modulating COVID-19 severity
[24]. The effect is also likely through regulation of the coagulation
cascade and arterial thrombosis [25-27], one key factor for
COVID-19 severity and mortality [28,29]. TMPRSS2 expression is
influenced by both genetic variants and epigenetic changes such as
DNA methylation. 5-methylcytosine (5-mC), the methylation of
the fifth carbon of cytosines, has been shown to be associated with
transcription repression [30,31], whereas 5-hydroxymethylcyto-
sine (5-hmC) is specifically enriched in tissue-specific enhancers

[32] and critical in maintaining active gene expression [33,34].
DNA methylation changes are inducible by environmental expo-
sure, including nutrients [35,36]. In addition to optimizing vitamin
D synthesis and metabolism, Mg affects the metabolism of a-keto-
glutarate [37,38], one key factor for the ten-eleven translocation
(TET) enzymes [39], which catalyze the oxidation of 5-mC to 5-
hmC in an active demethylation pathway [40]. We therefore aimed
to test the hypothesis that Mg treatment leads to DNA methylation
changes (i.e., 5-mC and 5-hmC) in TMPRSS2 in the Personalized
Prevention of Colorectal Cancer Trial, a precision-based magne-
sium supplementation trial.

Materials and methods
Participants, randomization, and blinding

This is an ancillary study nested in a parent study, the Personalized Prevention of
Colorectal Cancer Trial (PPCCT; NCT01105169 at ClinicalTrials.gov). The PPCCT is a dou-
ble-blind 2 x 2 factorial randomized controlled trial conducted at Vanderbilt University
Medical Center, Nashville, Tennessee. The detailed study design has been reported pre-
viously [9,41]. In brief, participants ages 40 to 85 y were recruited, including 236 with
adenomas or hyperplastic polyps diagnosed from 1998 to 2014 and 14 polyp-free indi-
viduals with a high risk of colorectal cancer. Dietary and total intakes of calcium (Ca)
and Mg, and the Ca:Mg ratios, were derived from six 24-h dietary recalls over the
course of the trial, including intakes of Ca and Mg supplements. Eligible participants
were those who had a Ca intake > 700 mg/d and < 2000 mg/d and in whom the Ca:
Mg intake ratio was > 2.6 based on the average of the first two baseline 24-h dietary
recalls. Eligible participants were randomized to Mg glycinate or placebo (microcrystal-
line cellulose) capsules. The Mg treatment used a personalized dose of Mg supplemen-
tation that would reduce the Ca:Mg intake ratio to around 2.3, suggested by previous
studies [9,42—44]. Participants, study investigators, and staff were blinded to the
assigned interventions. Blood samples were collected and processed at each clinic visit.
Anthropometric measurements (weight, height, waist and hip circumference) were
measured at least twice at each clinic visit.

We randomized 265 participants and allocated them to the Mg treatment arm or
the placebo arm. Fifteen participants withdrew consent before taking Mg treatment or
placebo; 250 randomized participants started treatment, and 239 completed the trial,
with 11 finishing only part of the study before withdrawing [9]. 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 present study, 240 participants were included who had blood
collected at baseline and at the end of the trial.

Measurement of 5-mC and 5-hmC at single resolution for the TMIPRSS2 gene

All 240 participants who were enrolled in the PPCCT and had blood DNA sam-
ples available at baseline and the end of the trial were included in the present
study to examine the effect of personalized Mg treatment on methylation modifi-
cations in the TMPRSS2 gene. In order to minimize between-batches variation,
samples were randomly organized in treatment—placebo (i.e. one treatment arm
with one placebo arm) sets (four samples in each set: two from before and two
from after treatment). Lab staff were blinded to sample status (i.e., treatment ver-
sus placebo, pretreatment versus posttreatment).

Genomic DNA was extracted from buffy coat fractions collected using a
QIAamp DNA Mini Kit (Qiagen Inc., Germantown, MD, USA) according to the man-
ufacturer's protocol [45]. 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), which interrogates approximately 850000 CpG or non-CpG methylation
sites to differentiate 5-hmC and 5-mC signals at base resolution [46]. Our detailed
approach has been reported previously [46—48]. Using this technique, we were
able to differentiate 5-mC from 5-hmC.

The {3 values for 5-mC and 5-hmC were estimated using the maximum-likelihood
estimate from the paired bisulfite conversion and TAB-treated samples [39]. The follow-
ing quality control steps were taken: We excluded low-quality probes, where the num-
ber of beads was below three or the detection P value was above 0.05 [49]. We also
excluded CpGs with a detection rate < 95% and samples with a percentage of low-qual-
ity methylation measurements > 5% or an extremely low signal of BS probes [49]. We
then excluded extreme outliers, as defined by Tukey’s method [50], based on average
total signal value across CpG probes. The remaining samples were preprocessed using
the R package ENmix to improve accuracy and reproducibility [49]. Dye bias was cor-
rected using regression on a logarithm of internal control probes [51], and quantile nor-
malization was applied to the signal for Infinium I or Il probes. Finally, the extreme
outliers of 3 value (i.e., the proportion of methylated signal in total signals, from 0 to 1)
across samples, defined by Tukey’s method, were set as missing. In total, the TAB-Array
data for 224 participants out of 240 passed the seven quality-control steps. In the
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present study, we kept all 32 CpG sites related to the TMPRSS2 gene selected by the
EPIC array for the 224 participants whose methylation data passed the quality-control
steps.

Statistical analyses

Continuous demographic variables (mean + SD) and categorical demographic
variables (percentage) were compared between the treatment and placebo arms.
The Wilcoxon rank-sum test was conducted to evaluate continuous variables, and
Pearson x? tests were conducted to compare categorical variables. Linear regres-
sion models were fitted to examine the effect of Mg treatment on overall changes
of cytosine modifications (5-mC and 5-hmC) in the TMPRSS2 gene in three mod-
els—model 1: crude value; model 2: sex and age; model 3: sex, age, and baseline
methylation. We also conducted stratified analyses by age, because older adults
are at increased risk for severe illness and mortality from COVID-19 [52]. All P val-
ues are two sided, and statistical significance was determined using an « level of
0.05. The data analyses used R software (version 3.5.1).

Results

The baseline demographic characteristics of the 240 partici-
pants are presented in Table 1. The treatment arm was not signifi-
cantly different from the placebo arm for baseline demographic
variables of age, sex, smoking status, alcohol drinking status, physi-
cal-activity status, educational achievement, race, daily intake of
total energy, total Ca, intake ratio of Ca to Mg, and factors related
to cardiovascular events, including body mass index body mass
index, blood pressure, and estimated glomerular filtration rate.

The mean daily dose of personalized Mg supplementation was
205.59 mg, with a range from 77.25 to 389.55 mg. Adherence to the
pill regimen was very high for both the placebo and treatment arms
(mean (SD) based on pill counts were 96.1% (8.3%) and 95.9% (10.2%);
P = 0.37 for the difference between the arms). The mean (SD) Ca:Mg
ratios for the treatment and placebo arms after Mg and placebo supple-
mentation were, respectively, 2.27 (0.13) and 3.87 (1.46; P for differ-
ence < 0.001), based on the two 24-h dietary recalls performed at
baseline, and remained stable at 2.13 (0.68) and 3.51 (1.32), respec-
tively (P for difference < 0.001) based on the four 24-h dietary recalls
conducted over the 12-wk period of the trial.

Table 1
Descriptive characteristics of treatment vs. placebo at baseline

Characteristic Placebo (n =120) Treatment (n=120) P

Age,y 613+82 60.3 + 7.7 0.48*
Sex (male/female) 51.7/48.3 54.2/45.8 0.70'
BMI, kg/m? 30.6 + 6.6 299 +6.1 0.48*
Systolic blood pressure, mm Hg ~ 128.3 4 14.2 1263 £ 154 0.31
Diastolic blood pressure, mmHg ~ 74.7 £9.2 753 £8.2 0.65
eGFR, mL/min/1.73 m? 789+ 149 81.7+13.8 0.13*
Smoking status 0.27'

Never 49.6 60.0

Ever 42.0 333

Current 8.4 6.7
Drinking status 0.24'

Never 325 42.5

Ever 20.8 20.0

Current 46.7 375
Physically active > 2 d/wk 77.5 85.0 0.14'
Education under college 9.99 10.0 041!
Race (white/non-white) 99.2/0.8 98.3/1.7 0.56'
Daily nutrient intake
Total energy, kcal 2108.2 +604.5 2084.3 & 547.0 0.62*
Total Ca, mg 1251.0+358.6  1299.8 + 332.0 0.20°
Total Mg, mg 337.7 £98.7 363.8 + 96.7 0.03*
Ca:Mg intake ratio 39+15 3.7+09 0.32*

BMI, body mass index; Ca, calcium; eGFR, estimated glomerular filtration rate; Mg,
magnesium

All values are expressed as mean + SD (continuous) or percentage (categorical)
*Wilcoxon test.

fPearson’s x? test.

Shown in Supplemental Table A.1 and A.2 are the effects of per-
sonalized Mg treatment on cytosine modifications 5-mC and 5-
hmC, respectively, in TMPRSS2 for 32 CpG sites. We found that
compared to the placebo arm, Mg treatment significantly increased
5-mC at the cg16371860 CpG site (P = 0.011), even after adjusting
for age and sex (P = 0.010) and further adjusting for baseline 5-mC
levels (P = 0.019; Table 2). However, the significance disappeared
after false discovery rate (FDR) correction at 0.10 based on the Ben-
jamini—Hochberg approach. In stratified analyses by age (Table 2),
we found that personalized Mg treatment significantly increased
5-mC methylation at cg16371860 (TSS1500, promoter) by 7.2%
compared to the placebo arm (decreased by 0.1%) in those ages
< 65 y. The difference remained statistically significant after
adjustment for age, sex, and baseline methylation as well as FDR
correction (FDR-adjusted P = 0.014). The effect of Mg treatment
was not significant in those ages > 65 y. On the other hand, we
found that Mg treatment affected 5-hmC levels at cg16371860
compared to the placebo arm after adjusting for age and sex, but
the effect was not significant after further adjustment for baseline
levels. In the stratified analysis by age, in those ages < 65 y the
effect of Mg treatment remained after adjusting for sex, age, and
baseline levels, but disappeared at an FDR of 0.10.

Additionally, we found that Mg treatment reduced 5-hmC at
€g26337277 (close proximity to TSS200 and 5’ untranslated region,
promoter) compared to the placebo arm after adjusting for age,
sex, and baseline levels (P = 0.012). However, the significant effect
disappeared at an FDR of 0.10 (FDR-adjusted P = 0.386). In the
stratified analysis by age, we found that Mg treatment significantly
reduced 5-hmC levels by 2.3% compared to an increase of 7.1% in
the placebo arm after adjusting for covariates in those ages < 65y
(P = 0.003). The effect remained significant at an FDR of 0.10
(adjusted P =0.088). No effect was found in those ages > 65 y.

Discussion

In this personalized precision-based randomized trial, we found
that 12 wk of Mg treatment significantly increased 5-mC DNA
methylation at the cg16371860 CpG site and decreased 5-hmC
cytosine modification at the cg26337277 CpG site in TMPRSS2 com-
pared to placebo among participants ages < 65 y. To the best of our
knowledge, no study has evaluated how to modify TMPRSS2 cyto-
sine modification, nor examined the effect of Mg treatment on
cytosine modification in TMPRSS2.

Cg16371860 is a CpG site located at a CpG-rich island 200 to
1500 base pairs upstream of the transcriptional start site
(TSS1500), and cg26337277 CpG site resides in close proximity to
(0—200 base pairs upstream of) TSS200 and the 5’ untranslated
region. These loci are within the promoter region of the gene,
therefore potentially playing a role in transcription initiation and
regulation of gene expression. Although 70% to 80% of CpG sites of
the human genome are methylated to maintain a stable molecular
phenotype, regions of CpG island promoters of actively transcribed
genes are frequently lowly methylated [53]. Hypermethylation of
the promoter regions could impede transcription activity and
repress related gene expression [54]. Similarly, reduced 5-hmC lev-
els are also associated with decreased gene expression, because
conversion from 5-mC to 5-hmC is an active demethylation process
[55]. Our observations that Mg treatment induced increases in 5-
mC methylation at cg16371860 and decreases in 5-hmC methyla-
tion at cg26337277 CpG in the promoter indicate a hindered pro-
cess of transcription initiation and, subsequently, lower levels of
TMPRSS2 expression.

Given that host cell protein TMPRSS2 plays an essential role in facil-
itating SARS-CoV-2 entry, higher expression of TMPRSS2 may relate to



Table 2

Changes in cytosine modifications (CpG sites) in TMPRSS2 by magnesium treatment versus placebo stratified by age

FDR1 FDR2 FDR3

P3

P1

Change from baseline

CpG site

Treatment

Placebo

% change
in mean

Median (25%, 75%)

Mean + SD

% change

Median (25%, 75%)

Mean + SD

in mean

0.271
0.014
0.981
0.849
0.218
0.883
0.743
0.991
0.943
0.386
0.088
0.844

0.124
0.007
0.930
0.049
0.047
0.958
0913
0.865
0.919
0.049
0.047
0.969

0.121
0.007
0.951
0.037
0.044
0.743
0.899
0.868
0.874
0.037
0.044
0.743

0.019
0.000
0.633
0.071
0.014
0.423
0.325
0.991
0.143
0.012
0.003
0.979

0.010
0.000
0.735
0.003
0.002
0.488
0.827
0.676
0.310
0.003
0.003
0.358

0.011
0.000
0.650
0.001
0.002
0.325
0.759
0.678
0.275
0.002
0.003
0.302

45
72
~16
_14
~37
38
N/A
N/A
N/A
~18
~23
—06

~0.001,0.022)
~0.017, 0.008)
—0.001,0.001)
~0.001,0.001)
~0.001,0.001)
0.000, 0.000)

~0.000, 0.000)
0.000, 0.000)

—0.001, 0.000)
~0.001, 0.000)

—0.001, 0.000)
0.10); Mg, magnesium; NA, % change in mean was not available due to extremely low levels of pretreatment methylation; P1, P value for crude

—0.006, 0.02)

0.006
0.011
—0.004
—0.001
—0.001
—0.000
0.000
0.000
0.000
0.000
0.000
0.000

0.007 + 0.024
0.012 + 0.022
—0.004 + 0.025
—0.001 £ 0.002
—0.001 + 0.002
—0.000 + 0.002
0.000 + 0.001
—0.000 + 0.002
0.000 + 0.001
—0.000 + 0.001
—0.000 + 0.001
—0.000 + 0.001

0.2
-0.1
0.7
10.8
10.9
10.5
A
A
6.1
7.1
39

—0.003
—0.002
—0.003
0.000
0.000
0.001
0.000
0.000
0.000
0.000
0.000
0.000

—0.001 + 0.025
—0.002 + 0.022
—0.001 £ 0.031
0.000 + 0.002
0.000 =+ 0.002
0.000 =+ 0.002
0.000 + 0.002
—0.000 + 0.002
0.000 =+ 0.002
0.000 + 0.001
0.000 =+ 0.001
0.000 =+ 0.001

Overall
Ages <65y
Ages > 65y
Overall
Ages <65y
Ages > 65y
Overall
Aged < 65
Aged > 65
Overall
Aged < 65
Aged > 65

5-mC
5-hmC
5-mC
5-hmC

cg16371860
€g26337277

5-hmC, 5-hydroxymethylcytosine; 5-mC, 5-methylcytosine; FDR, false discovery rate (
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general linear model; P2, P value for general linear model adjusted for age and sex; P3, P value for general linear model adjusted for age, sex, and baseline methylation

higher viral loads in the host and, subsequently, worse clinical out-
comes. This has been supported by a recent finding that black people,
who are disproportionately affected by severe COVID-19 [56], have sig-
nificantly higher average nasal epithelial gene expression of TMPRSS2
compared with other races and ethnicities [57]. High viral loads can
further induce a cytokine storm, which triggers a violent inflammatory
immune response that contributes to acute respiratory distress syn-
drome, multiple organ failure, and finally death in severe cases of
SARS-CoV-2 infection [58,59]. The association between high viral loads
and fatal clinical outcomes has been observed in both human influenza
A (H5N1) [60] and SARS-CoV-2 [61].

In addition to viral entry, TMPRSS2 expression levels may affect dis-
ease severity by regulating the coagulation cascade and arterial throm-
bosis through the protease activated receptor-signaling pathway
[25—27]. This is further supported by a recent study reporting that
polymorphisms near TMPRSS2 are associated with thrombocyte count
[26]. Moreover, nafamostat [62], a TMPRSS2 inhibitor, has already
been used in clinical practice as an effective anticoagulant, and camo-
stat mesylate [22], a closely related compound, are undergoing clinical
trials to test their utility for COVID-19 treatment, further indicating the
important role of TMPRSS2 in regulating thrombosis and, in turn, dis-
ease severity. Given that nearly half of people with COVID-19 pneumo-
nia develop thrombotic complications [29], and deceased patients are
distinctively characterized with widespread vascular thrombosis [28],
TMPRSS2 could be a key target for interventional strategies in reducing
COVID-19 severity and mortality. Since TMPRSS2 plays a similar role
during influenza infection [23], the findings from the present study
suggest that Mg status may also affect influenza infection and severity.

Strikingly, TMPRSS2 was first identified as a key regulator in
prostate cancer. Strongly up-regulated TMPRSS2 expression was
observed in prostate cancer cell lines [63]. Consistent with racial
disparities in nasal epithelial gene expression of TMPRSS2, black
people also have higher incidence and mortality of prostate cancer
than white people [64], further indicating that the high prostate
cancer mortality among black people may be attributed to up-reg-
ulated TMPRSS2 expression. However, factors that may affect mod-
ified TMPRSS2 expression remain unknown. Previous evidence has
found that black people have significantly lower levels of serum
Mg or lower intake of Mg compared to white people [65], and low
blood Mg levels and a high Ca:Mg ratio have been significantly
associated with high-grade prostate cancer [66]. Our findings from
the present study, in which Mg status was improved by modulat-
ing the Ca: Mg intake ratio to around 2.3, suggest a protective
effect of Mg from severe COVID-19 in individuals ages < 65 y
through regulating DNA methylation and demethylation modifica-
tions and subsequently suppressing TMPRSS2 expression.

Although no significant effect on TMPRSS2 methylation was
observed in those ages > 65 v, it is likely that Mg treatment may
exert benefits through other mechanisms. First, vitamin D has
been proposed to generate beneficial effects in acute respiratory
distress syndrome through activation of the vitamin D receptor
signaling pathway by reducing the cytokine storm, regulating the
renin-angiotensin system, maintaining the integrity of the pulmo-
nary epithelial barrier, and tapering down the increased coagula-
bility [16]. Our and other studies have found that Mg optimized
body vitamin D status and substantially reduced the dose require-
ment for vitamin D [9,19,67]. In a previous publication, we
reported baseline and end-of-study levels of circulating vitamin D
in a subgroup of 180 participants within the PPCCT suggesting that
the effect of Mg treatment on plasma concentrations of 25-hydrox-
yvitamin Ds, 25-hydroxyvitamin D5, and 24,25-hydroxyvitamin D3
were significantly different depending on the baseline concentra-
tions of 25-hydroxyvitamin D [9]. Second, Mg deficiency is a pre-
vailing yet underrecognized driver for increased risks of
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cardiometabolic diseases including diabetes [68], hypertension,
coronary heart disease, heart failure, and thrombosis [69]. Previous
studies have found that low Mg plays an essential role in promot-
ing endothelial cell dysfunction and generating a proinflammatory,
prothrombotic, and proatherogenic environment that could con-
tribute to the pathogenesis of cardiovascular diseases and severe
COVID-19 [70]. Third, Mg deficiency caused by a gene mutation
has been shown to lead to reduced cytotoxic activity of T cells and
increased viral load, but Mg treatment reduced B cells positive for
Epstein—Barr virus, indicating that Mg is critical in antivirus immu-
nity [71]. Finally, a study found that people with COVID-19 who
carry the apolipoprotein E (ApoE) genotype were at a 2.3-fold
increased risk of severe COVID-19 [72]. In addition to being a major
risk factor for dementia [73], the ApoE genotype is strongly linked
to lower human longevity [74], a genetic mark of early aging, and
is linked to lower plasma ApoE [75]. We previously reported from
a randomized trial that in those ages > 65 y, Mg treatment
improved cognitive function, particularly among older partici-
pants, via demethylation in the ApoE gene, which is expected to
result in increased ApoE levels [48].

This study has several strengths, including the double-blinded
randomized trial design. Furthermore, a precision-based design
was used. 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 fol-
lowed for each participant. The Ca:Mg ratios remained stable over
the 12-wk study period. In addition, we had high adherence to the
study medication, and the dropout rate was very low. The study
has some weaknesses, though. The primary concern is that
TMPRSS2 expression was not measured in the PPCCT, and thus the
association between DNA methylation changes and level of
TMPRSS2 expression and phenotype patterns is not confirmed.
However, the observed DNA methylation changes were internally
consistent, with increased 5-mC and reduced 5-hmC indicating a
reduced level of TMPRSS2 expression.

Conclusions

In summary, in individuals ages < 65 y with Ca:Mg intake ratios
> 2.6, reducing Ca:Mg ratios to around 2.3 increased 5-mC modifi-
cations (i.e., cg16371860) and reduced 5-hmC modifications (i.e.,
€g26337277) in the TMPRSS2 gene. The National Institutes of
Health has recently highlighted the crucial need for early interven-
tion to reduce the likelihood of developing severe outcomes and
reduce demand on the health care system [1]. These findings, if
confirmed, provide another mechanism for the role of Mg inter-
vention in the prevention of COVID-19 and treatment of early and
mild disease by modifying the phenotype of the TMPRSS2 genotype
in addition to affecting ApoE methylation in older people [48] and
optimizing levels of vitamin D [9]. In addition, these findings indi-
cate a possible mechanism of Mg in prostate cancer and influenza
due to the critical role of the TMPRSS2 gene in those conditions.

Supplementary materials

Supplementary material associated with this article can be
found in the online version at doi:10.1016/j.nut.2021.111340.
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