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BACKGROUND: Magnesium supplements may have beneficial effects on arterial stiffness. Yet, to our knowledge, no head-to-
head comparison between various magnesium formulations in terms of effects on arterial stiffness has been performed. We
assessed the effects of magnesium citrate supplementation on arterial stiffness and blood pressure and explored whether
other formulations of magnesium have similar effects.

METHODS AND RESULTS: In this randomized trial, subjects who were overweight and slightly obese received either magnesium
citrate, magnesium oxide, magnesium sulfate, or placebo for 24 weeks. The total daily dose of magnesium was 450 mg/d. The
primary outcome was carotid-to-femoral pulse wave velocity, which is the gold standard method for measuring arterial stiff-
ness. Secondary outcomes included blood pressure and plasma and urine magnesium. Overall, 164 participants (mean+SD
age, 63.2+6.8 years; 104 [63.4%] women) were included. In the intention-to-treat analysis, neither magnesium citrate nor
the other formulations had an effect on carotid-to-femoral pulse wave velocity or blood pressure at 24 weeks compared
with placebo. Magnesium citrate increased plasma (+0.04 mmol/L; 95% CI, +0.02 to +0.06 mmol/L) and urine magnesium
(+3.12 mmol/24 h; 95% ClI, +2.23 to +4.01 mmol/24 h) compared with placebo. Effects on plasma magnesium were similar
among the magnesium supplementation groups, but magnesium citrate led to a more pronounced increase in 24-hour urinary
magnesium excretion than magnesium oxide or magnesium sulfate. One serious adverse event was reported, which was
considered unrelated to the study treatment.

CONCLUSIONS: Oral magnesium citrate supplementation for 24 weeks did not significantly change arterial stiffness or blood
pressure. Magnesium oxide and magnesium sulfate had similar nonsignificant effects.

REGISTRATION: URL: https:/www:.clinicaltrials.gov; Unique identifier: NCT03632590.
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coronary heart disease and stroke.! Although and alcohol intake have been shown to reduce arterial

Arterial stiffness is an independent predictor of  changes such as weight loss and lowering dietary salt
arterial stiffness increases with age, lifestyle stiffening.?=* In addition, increasing dietary magnesium
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CLINICAL PERSPECTIVE

What Is New?

e We performed a randomized controlled trial to
address whether a relatively high dose of mag-
nesium supplementation (450 mg/d) has ben-
eficial effects on arterial stiffness and blood
pressure.

e To our knowledge, this is the first head-to-head
comparison between various organic and inor-
ganic magnesium supplements and their po-
tential effects on vascular function markers and
blood pressure.

e Magnesium citrate did not change arterial stiff-
ness and blood pressure. Other inorganic for-
mulations had similar nonsignificant effects.

What Are the Clinical Implications?

e Magnesium supplements may not have benefi-
cial effects on arterial stiffness, at least not in
subjects with normal arterial stiffness values.

e Future studies should investigate whether oral
magnesium supplementation is effective in pa-
tients with increased arterial stiffness at baseline,
such as patients with chronic kidney disease.

Nonstandard Abbreviations and Acronyms

PWV carotid-to-femoral pulse wave velocity
PHQ-15 Patient Health Questionnaire-15

intake may improve arterial stiffness.® Magnesium acts
as a natural calcium channel blocker and has been
suggested to modulate vasomotor tone and peripheral
blood flow.5” Preclinical studies demonstrated a pro-
tective role of magnesium on vascular calcification,®®
which may in turn lead to reduced arterial stiffening.
We previously investigated the effect of long-term
oral magnesium supplementation on vascular function
markers and blood pressure.’® We observed a signif-
icant improvement of arterial stiffness after 24 weeks
of magnesium citrate supplementation compared with
placebo. Yet it is unknown whether the effect was in-
duced by magnesium itself or by the counterbalanc-
ing anion citrate, as the study was based on a single
comparison between magnesium citrate and placebo.
Citrate binds calcium and may therefore be able to in-
hibit the growth of calcium crystals and inhibit vascular
calcification,'"> which may have contributed to the ob-
served effect on arterial stiffness. Furthermore, in our
previous study we found no effect on blood pressure,
while blood pressure is a major determinant of arterial
stiffness. One explanation could be that the total daily
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dose of magnesium was too low to exert an effect on
blood pressure, as suggested by 2 meta-analyses.’®™#

To date, no study has performed a head-to-head
comparison between various magnesium formulations
and their potential effects on vascular function markers
and blood pressure. Differences between organic and
inorganic formulations might be of interest as bioavail-
ability may vary between formulations.'® Several stud-
ies have shown that magnesium citrate has a higher
bioavailability.'®'” On the other hand, a meta-analysis
has shown that inorganic formulations, such as mag-
nesium oxide, exhibited a greater increase in circulat-
ing magnesium levels than organic formulations.'®

The main objective of this randomized, double-
blind, placebo-controlled intervention trial was to
demonstrate the effect of magnesium citrate supple-
mentation, in a higher dose than in our previous study,
on carotid-to-femoral pulse wave velocity (, PWV)."0
To further explore whether the previously observed
effect was induced by magnesium itself or by the
counterbalancing anion citrate, we studied whether
2 inorganic formulations of magnesium, magnesium
oxide and magnesium sulfate, are noninferior to mag-
nesium citrate. Finally, we addressed the effects of
a relatively high dose of various magnesium supple-
ments on blood pressure, plasma magnesium, and
24-hour urinary magnesium excretion as secondary
outcomes.

METHODS
Study Population

We recruited participants who were overweight and
slightly obese via posters in the hospital and adver-
tisements in local newspapers. Furthermore, we ap-
proached volunteers who participated in an earlier
study in the University Medical Center Groningen.
Details of the inclusion and exclusion criteria have
been described previously.” In brief, subjects were
45- to 75-year-old nonsmokers, with a stable body
weight (weight gain or loss <3 kg in the past 3 months)
and a body mass index (BMI) between 25 and 35 kg/
m?. We included subjects who were overweight and
slightly obese, because they were expected to have
increased arterial stiffness and blood pressure at
baseline, allowing for improvement by the interven-
tion.'%'® Furthermore, we excluded premenopausal
women to reduce possible variations in the study
outcomes attributable to hormonal effects (<2 years
after last menstruation). Individuals with a high di-
etary magnesium intake (urinary magnesium excre-
tion >7.0 mmol/24 h for men and >5.9 mmol/24 h
for women) or high fasting levels of plasma glucose
(>7.0 mmol/L), total cholesterol (>8.0 mmol/L), and tri-
glycerides (>2.2 mmol/L) were also not eligible for the
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study. Participants were instructed to continue any
preexisting medication without alterations throughout
the study.

All  subjects provided written informed con-
sent before the screening visit. The study was con-
ducted according to the Declaration of Helsinki, and
ethics committee approval was obtained from the
University Medical Center Groningen, The Netherlands
(METc2017/220). The study was registered at clinical-
trials.gov as NCT03632590. The procedures followed
were in accordance with the University Medical Center
Groningen guidelines. The data that support the find-
ings of this study are available from the corresponding
author upon reasonable request.

Study Design

In this randomized, double-blind, placebo-controlled,
parallel-group trial, 164 study participants were ran-
domly assigned to receive either a magnesium cit-
rate supplement, a magnesium oxide supplement,
a magnesium sulfate supplement, or placebo, all
in capsules with identical appearance, smell, and
taste. The capsules were provided by Laboratorium
Medisan (Heerenveen, The Netherlands), which
also conducted the randomization procedure. For
this, a categorical list in logical order was created.
The list included 1 intervention for each participant.
Based on a computer-generated list of random
numbers, subjects were randomly assigned into 1
of the groups.' Participants took 2 capsules thrice
daily for 24 weeks. On the test days (at baseline,
at 2 weeks, 12 weeks, and 24 weeks), the first 2
capsules were taken after all measurements were
completed. Each magnesium supplement provided
75 mg of magnesium (magnesium citrate complex
[Mg 15.5%)], magnesium oxide complex [Mg 60.3%],
magnesium sulfate complex [Mg 17.4%)]). Thus, the
total daily dose of magnesium was 450 mg, which is
higher than in our previous study (350 mg/d)."® The
placebo capsules contained starch (amylum solani).
The total treatment duration was based on the previ-
ous study.'®

Dietary Intake

Subjects were instructed not to change their food in-
take pattern or alcohol use during the entire study. To
address potential changes in the food intake pattern
and use of alcohol, participants completed a 3-day
food diary at baseline and at the end of the study using
standard supply units. All diaries were checked for
completeness by the investigator and were calculated
by a research dietitian using the software program
EvryDietist, version 7.3.5.0 (Evry BV). This software
uses the Dutch Food Composition Database 2016 to
calculate energy and nutrient intake.
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Blood and Urine Collection

Participants collected 24-hour urine samples before
each test day. They were instructed to discard the
first morning urine sample and to collect all urine for
the following 24 hours, including the next morning
urine. Furthermore, participants were requested to
not consume any foods or drinks (except for water)
8 hours before the study visit. Fasting blood samples
were drawn at each test day from the forearm vein
by venipuncture. Plasma and urine concentrations of
magnesium, calcium, potassium, sodium, and cre-
atinine were determined photometrically on a Cobas
8000 platform (Roche, Mannheim, Germany). Sodium
and potassium concentrations were measured with
indirect ion-selective electrode method, magnesium
with the xylidyl blue colorimetric assay, and creatinine
with an enzymatic assay. Plasma glucose concen-
trations were measured on a Cobas 8000 platform
(Roche, Mannheim, Germany) using a hexokinase ul-
traviolet test and hemoglobin A, concentrations were
measured on a Tosoh G8 (high-performance liquid
chromatography; Sysmex Corporation, Norderstedt,
Germany). Plasma calcium was adjusted for al-
bumin concentration using the following formula:
Calcium,g=plasma  calcium  (mmol/L)+0.02x(40-
plasma albumin [g/L]).?° Total and high-density lipo-
protein cholesterol and triglycerides were measured
on a Cobas 8000 platform. Dyslipidemia was defined
as high low-density lipoprotein cholesterol concen-
trations (4.8 mmol/L), or high triglyceride concen-
trations (>2.0 mmol/L) or low high-density lipoprotein
cholesterol concentrations (<1.0 mmol/L in men or
<1.30 mmol/L in women) or the use of lipid-lowering
drugs.?!

Anthropometrics and Body Composition
All clinical measurements were performed by the
same investigator as much as possible and were car-
ried out in a fasting state. Height was measured during
the screening visit using a wall-mounted stadiometer
(Seca 222; Seca GMBH, Hamburg, Germany). Body
weight was measured using a calibrated digital meas-
uring scale without shoes and heavy clothing (Seca
877; Seca GMBH). Body composition was measured
using a Bio-Electrical Impedance Analysis device
(Bodystat Quadscan 4000; Quadscan, Douglas, Isle of
Man, UK).

Blood Pressure

Blood pressure was measured 4 times (1 min-
ute apart) after an acclimatization period of at least
10 minutes in a supine position using a continuous
blood pressure monitoring device (Criticare 506 N3;
Criticare Systems Inc., Waukesha, WI). The first meas-
urement was discarded, and the mean of the last 3
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measurements was reported. Hypertension was de-
fined as a systolic blood pressure of >120 mm Hg, a
diastolic blood pressure of 290 mm Hg, or the use of
antihypertensive drugs.

Arterial Stiffness

A direct marker of arterial stiffness is . PWV, which
is the gold standard method for the quantification of
arterial stiffness. An indirect measure of arterial stiff-
ness is the augmentation index adjusted for heart rate,
of which the central arterial waveform can be indirectly
estimated from a transfer function from radial artery
tonometry. After measuring blood pressure, . PWV
and augmentation index adjusted for heart rate meas-
urements were recorded in duplicate using a validated
device (SphygmoCor v9; AtCor Medical, West Ryde,
Australia). For the . ,PWV measurement, the distance
from the suprasternal notch to the femoral recording
site (via umbilicus) was measured, and subsequently
the distance from the suprasternal notch to the carotid
recording site (right) was subtracted. A detailed de-
scription of the vascular function measurements was
previously published in our study protocol.”® Arterial
stiffness measurements were performed in accord-
ance with the expert consensus document on arterial
stiffness by the European Network for Non-invasive
Investigation of Large Arteries.??

Somatic and Gastrointestinal Symptom
Severity

Participants completed a Patient Health Questionnaire
(PHQ-15) before the baseline, 12-week, and 24-week
visits. Severity was rated for the past 4 weeks (base-
line), or since the last visit (follow-up) as 1 (“not bothered
at all”), 2 (“slightly bothered”), or 3 (“‘remarkably both-
ered”). The item “menstrual cramps” was removed, as
only postmenopausal women participated in the cur-
rent study. The somatic symptom severity score was
calculated by taking the mean score of the 14 somatic
symptoms of the PHQ-15. The PHQ-15 includes 3 gas-
trointestinal items: (1) stomach pain; (2) constipation,
loose bowels, or diarrhea; and (3) nausea, gas, or in-
digestion. Scores for the 3 items were added up in a
composite gastrointestinal score, with scores ranging
from 1 to 6.

Statistical Analysis

Given our 2 main research questions, we evaluated
whether magnesium citrate is superior to placebo to
improve .PWV (primary confirmatory objective) and
explored whether magnesium oxide and magnesium
sulfate are noninferior to magnesium citrate to improve
-+PWV (secondary objectives). Because the primary
objective was confirmation of a previous finding, sam-
ple size calculation was based on a 2-sided type |
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error of 0.05 and a power of at least 95%. Using the
standard deviation of change in ,[PWV over time of
the primary study of 0.9 m/s, it was calculated that 24
participants were required for both the magnesium cit-
rate and the placebo group to allow for detection of a
treatment effect of at least 1.0 m/s in . [PWV. To ac-
count for potential dropout by 10%, group sizes were
increased to 26 participants. For the exploratory sec-
ondary objective sample size calculation was based
on a 1-sided type | error of 0.05 and a power of 80%
and a noninferiority design. Using the SD of change
in .«PWV over time of the primary study of 0.9 m/s,
it was calculated that 41 participants were required
for the comparison of magnesium oxide with magne-
sium citrate and the comparison of magnesium sulfate
with magnesium citrate with a noninferiority margin of
0.5 m/s in . PWV. To account for potential dropout by
10%, group sizes were increased to 46 participants.
Because we included 46 participants in the magne-
sium citrate group to provide power for the secondary
analyses, the power for the primary analysis consist-
ing of comparison of magnesium citrate with placebo
treatment became 99%. All main analyses were per-
formed according to the intention-to-treat principle.
Additional per-protocol analyses were performed to
examine whether exclusion of honcompliant subjects
influenced the results.

Normally distributed variables are presented as
mean+SD and nonnormally distributed variables as
median (interquartile range). Data on somatic and gas-
trointestinal symptom severity (PHQ-15) are presented
as mean+SEM. Longitudinal effects of magnesium
supplementation were quantified, with linear mixed-
effect models specifying time, intervention, and the
interaction between time and intervention as fixed ef-
fects. The models were adjusted for age, sex, and the
baseline value of the outcome of interest. Our primary
outcome was _PWV. First, we determined effects of
magnesium citrate, magnesium oxide, and magnesium
sulfate versus placebo treatment by means of a 95%
Cl derived from a linear mixed-effect model. Second,
for the noninferiority testing of magnesium oxide ver-
sus magnesium citrate and of magnesium sulfate ver-
sus magnesium citrate, a 90% Cl was reported and
a A of 0.5 m/s was used to determine noninferiority."°
For the primary objective, the 4 groups were analyzed
in 1 linear mixed-effect model. Similar models were
analyzed for the secondary objectives but without
the placebo group. Secondary outcomes, including
blood pressure, plasma magnesium, and 24-hour uri-
nary magnesium excretion, other plasma and urinary
minerals, and body composition were assessed using
linear mixed-effect models specifying the same linear
predictor. Because data on somatic and gastrointes-
tinal symptom severity were nonnormally distributed,
we performed Mann-Whitney U tests to compare
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between-group differences at baseline, 12 weeks, and
24 weeks.

Findings from a recent meta-analysis prompted us
to explore effects of magnesium citrate, magnesium
oxide, and magnesium sulfate supplementation (ver-
sus placebo) on . ,PWV in several subgroups, based
on their mean baseline values.?® These subgroups in-
cluded age (<63 years and >63 years), sex (m/f), BMI
(<28 kg/m? and =28 kg/m?), waist circumference (men,
<102 and >102 cm; women, <92 and >92 cm), diuretic
use (y/n), dyslipidemia (y/n), hypertension (y/n), and .
PWV (<9 and 29 m/s). Subgroup analyses were also
performed based on clinically relevant cutoff points
(age <60 years and =60 years), BMI (<30 kg/m? and
>30 kg/m?), waist circumference (men, <102 cm and
>102 cm; women, <88 cm and =88 cm). and . ,PWV
(<10 m/s and >10 m/s), as recommended in the Expert
Consensus document of 2012.%2 Effect modification
was investigated by adding interaction terms (interven-
tion [0/1]xsubgroup [0/1] ). Subgroup analyses were
assessed at 24 weeks.

Statistical analyses were performed using SPSS
23.0 software for Windows (SPSS Incorporated,
Chicago, IL) and Rstudio version 1.1.383 (R Foundation
for Statistical Computing, Vienna, Austria).

RESULTS

Study Subjects

A Consolidated Standards of Reporting Trials flow dia-
gram is shown in Figure 1. After screening, 164 indi-
viduals were eligible to participate in the study. The first
participant was enrolled on March 27, 2018, and the
last visit was performed on June 4, 2020. In total, 7
(4.3%) participants discontinued the study treatment.
The main reasons for discontinuation were gastroin-
testinal complaints. In addition, 3 participants were lost
to follow-up because of COVID-19 infection. Details are
depicted in Table S1.

Baseline characteristics of the participants are shown
in Table 1. Mean age of the study participants was
63.2+6.8 years, 104 (63.4%) were women, and mean
BMI was 28.1+2.8 kg/m?. In total, 25 (15.2%) partici-
pants used antihypertensive drugs, of whom 11 (6.7%)
used diuretics. In addition, 10 (6.1%) used lipid-lowering
drugs. Baseline characteristics were comparable be-
tween the groups.

Magnesium Versus Placebo

Treatment with magnesium citrate did not have a sig-
nificant effect on . [PWV and augmentation index ad-
justed for heart rate at any time point during the trial,
compared with placebo (Table 2). There were also
no significant effects of magnesium citrate supple-
mentation on blood pressure or heart rate (Table 3).
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Magnesium citrate treatment significantly increased
plasma and 24-hour urinary concentrations of mag-
nesium compared with placebo at all time points
(Table 4). In addition, participants in the magnesium
citrate group showed higher plasma phosphate and
higher 24-hour urinary excretions of potassium and
calcium; no effects on body composition were found
(Table S2 through S4). Dietary and alcohol intake ac-
cording to the food diaries did not change during the
study period (Table S5). Excluding noncompliant sub-
jects as well as subjects on antihypertensive or lipid-
lowering drugs did not materially change the results
(data not shown). When compared with placebo, ef-
fects of treatment with magnesium oxide and magne-
sium sulfate on _PWYV, augmentation index adjusted
for heart rate, and blood pressure were also nonsignifi-
cant (Table 2 through 4). Participants in the magnesium
oxide and magnesium sulfate groups showed, similar
to participants in the magnesium citrate group, higher
24-hour urinary calcium, potassium, and sodium dur-
ing the treatment period when compared with placebo
(Table S3).

Magnesium Oxide Versus Magnesium
Citrate

During the treatment period, vascular function mark-
ers (Table 5) and blood pressure (Table 6) were not
different between the magnesium oxide and magne-
sium citrate groups. Heart rate was significantly lower
in the magnesium oxide group by 3 bpm at 24 weeks
(90% ClI, 1-5 bpm). Plasma magnesium was similar
among the 2 magnesium groups, whereas 24-hour
urinary magnesium excretion was slightly lower in the
magnesium oxide group compared with the magne-
sium citrate group (Table 7). Plasma albumin was sig-
nificantly higher in the magnesium oxide group at 2
weeks and 24 weeks (Table S6). No differences were
observed between magnesium oxide and magnesium
citrate in terms of 24-hour urinary excretions of cal-
cium, potassium, sodium, and creatinine during the
treatment period (Table S7). Participants in the mag-
nesium oxide group had a lower waist circumference
after 24 weeks (-2.0 cm; 90% CI, -3.2 to -0.7 cm)
compared with participants in the magnesium citrate
group (Table S8). Dietary and alcohol intake accord-
ing to the food diaries did not change during the study
period (Table S9). Excluding noncompliant subjects as
well as subjects on antihypertensive or lipid-lowering
drugs did not materially change the results (data not
shown).

Magnesium Sulfate Versus Magnesium
Citrate

No significant differences in vascular function mark-
ers (Table 5), blood pressure (Table 6), or plasma
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Figure 1.

Consolidated Standards of Reporting Trials flow diagram of participants throughout the study.

magnesium (Table 7) were observed between mag-
nesium sulfate and magnesium citrate treatment.
Urinary magnesium excretion was significantly lower
at 12 weeks and at 24 weeks in the magnesium
sulfate group (-0.96 mmol/24 h; 90% ClI, —-1.61 to
—0.32 mmol/24 h and —1.05 mmol/24 h; 90% ClI, —1.69
to —0.41 mmol/24 h, respectively). Plasma albumin was
significantly higher in the magnesium sulfate group at
24 weeks (Table S6). No differences were observed
between magnesium sulfate and magnesium citrate in
terms of 24-hour urinary excretions of calcium, potas-
sium, sodium, and creatinine during the treatment pe-
riod (Table S7). Body weight and BMI were significantly
higher after 24 weeks of magnesium sulfate (0.8 kg;

J Am Heart Assoc. 2022;11:e021783. DOI: 10.1161/JAHA.121.021783

90% Cl, 0.2-1.3 kg and 0.2 kg/m?; 90% Cl, 0.1-0.4 kg/
m?) compared with magnesium citrate supplementa-
tion (Table S8). Dietary and alcohol intake according to
the food diaries did not change during the study period
(Table S9). Excluding noncompliant subjects as well as
subjects on antihypertensive or lipid-lowering drugs
did not materially change the results (data not shown).

Subgroup Analyses

As secondary post hoc analyses, we assessed
whether the effect of magnesium citrate, magne-
sium oxide and magnesium sulfate versus placebo on
+PWV was modified by age, sex, BMI, waist circum-
ference, use of diuretics, dyslipidemia, hypertension, or
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Table 1. Baseline Characteristics of the Study Participants

Magnesium Supplementation and Arterial Stiffness

All participants Magnesium citrate Magnesium oxide Magnesium Placebo
(n=164) (n=46) (n=46) sulphate (n=46) (n=26)
Demographics
Age, y 63.2+6.8 64.1+6.1 63.2+6.7 62.0+6.9 63.8+7.8
Women 104 (63.4) 31 (67.4) 29 (63.0) 30 (65.2) 14 (53.8)
Caucasians 162 (98.8) 45 (97.8) 46 (100) 45 (97.8) 25 (100)
Body composition
Weight, kg 85.0+12.0 85.6+13.0 82.8+12.1 86.2+11.8 85.6+10.3
BMI, kg/m? 28.1+2.8 28.7+3.4 27.5+21 28.4+2.9 27.8+2.4
Waist circumference, cm 95+9 97+10 94+10 96+9 96+8
Men, cm 102+8 104+9 1019 1019 1017
Women, cm 92+8 93+8 89+8 93+9 92+7
Hip circumference, cm 107+7 110+8 106+6 107+7 1075
Total bodly fat, % 35.3+7.6 37.0+8.0 34.2+6.7 35.7+8.3 33.8+7.1
Men, cm 27.0+£3.9 27.7+4.6 26.9+4.0 26.0+£3.2 27.8+3.9
Women, cm 40.3+4.2 41.7+4.5 38.7£3.0 41.0+4.3 39.3+4.4
Medication usage
Antihypertensive treatment 25 (15.2) 8 (17.4) 4(8.7) 7 (15.2) 6 (23.1)
Beta blockers 9(5.5) 4(8.7) 0(0) 4(8.7) 1(3.8)
Calcium channel 4(2.4) 2 (4.3) 0(0) 1(2.2) 1(3.8)
blockers
ACE inhibitors 9(5.5) 3(6.5) 2 (4.3 1(2.2) 3(11.5)
ARBs 5(3.0) 1(2.2) 2 (4.3 2 (4.3 0(0)
Diuretics 1(6.7) 2 (4.3 2 (4.3 3(6.5) 3(11.5)
Lipid-lowering treatment 10 (6.1) 2 (4.3) 3(6.5) 3(6.5) 2(7.7)
Hypertension 61 (37.2) 19 (41.3) 14 (30.4) 17 (37.0) 11 (42.3)
Dyslipidemia 47 (28.7) 11 (23.9) 12 (26.1) 16 (34.8) 8(30.8)
Total cholesterol, mmol/L 5.20+0.82 5.23+0.90 5.32+0.84 5.08+0.72 5.16+0.79
HDL cholesterol, mmol/L 1.47+0.37 1.45+0.33 1,62+0.36 1.45+0.37 1.45+0.44
Triglycerides, mmol/L 1.02 (0.78-1.50) 1.02 (0.77-1.61) 1.06 (0.72-1.56) 1.02 (0.78-1.54) 0.99 (0.83-1.37)
Vascular function markers
PWV, m/s 8.6+1.6 9.0+1.7 8.2+1.6 8.6+1.6 8.4+1.5
AI@HR75, % 24.7+8.6 26.9+8.8 23.0+8.8 24.6+8.2 24.0+8.2
Blood pressure
Systolic blood pressure , 130+15 133+15 127+15 130+15 130+14
mm Hg
Diastolic blood pressure , 7949 7949 779 79+9 80+8
mm Hg
Mean arterial pressure, 96+10 97+10 93+11 9611 97+10
mm Hg
Pulse pressure, mm Hg 51+9 54+9 50+10 51+9 50+9
Heart rate, bpm 60+8 61+9 60+6 60+8 61+8
Plasma minerals
Magnesium, mmol/L 0.85+0.06 0.86+0.06 0.84+0.04 0.85+0.09 0.87+0.06
Calcium, mmol/L 2.34+0.08 2.33+0.08 2.34+0.09 2.35+0.07 2.35+0.09
Potassium, mmol/L 41+0.3 41+0.3 4.2+0.3 41+0.3 41£0.3
Sodium, mmol/L 140+2 140x2 140+2 140+2 1411
Phosphate, mmol/L 1.00+0.14 1.00+0.12 1.00+0.16 0.98+0.15 1.01£0.13
Creatinine, pmol/L 73.0 (65.0-85.0) 73.0 (67.0-84.3) 76.0 (63.5-88.3) 71.0 (64.0-84.0) 71.0 (63.5-92.8)
Albumin 441+3.3 44.8+4.9 44.3+2.2 43.5+2.5 43.7£2.6
(Continued)
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Magnesium Supplementation and Arterial Stiffness

All participants Magnesium citrate Magnesium oxide Magnesium Placebo
(n=164) (n=46) (n=46) sulphate (n=46) (n=26)
Urinary minerals
Magnesium, mmol/24-h 5.06+1.72 4.94+1.47 5.13+1.65 4.89+2.0 5.46+1.67
Calcium, mmol/24-h 4.88+2.25 4.59+1.95 5.29+2.49 4.96+2.39 4.54+2.06
Potassium, mmol/24-h 87.6+£25.4 81.0+20.3 93.4+23.7 86.9+26.2 90.2+32.9

Values are mean+SD, median (interquartile range), or number (percentage).
ACE indicates angiotensin-converting enzyme; AI@HR75, augmentation index adjusted for heart rate; ARBs, angiotensin Il receptor blockers; BMI, body
mass index; and . PWV, carotid-to-femoral pulse wave velocity.

Table 2. Effects of Magnesium Citrate, Magnesium Oxide, and Magnesium Sulfate (Versus Placebo) on Vascular Function

Markers
Magnesium citrate Magnesium oxide Magnesium sulfate Placebo
(n=46) (n=46) (n=46) (n=26)
PWV
2-wk
Mean, m/s 9.1+1.9 8.5+1.4 8.4+1.4 8.4+1.9
Difference vs placebo 0.2 (-0.5t00.8) 0.2 (-0.4t0 0.9) -0.2(-0.9t00.4)
12-wk
Mean, m/s 9.0£1.9 8.5+1.2 8.7£1.7 8.5+1.5
Difference vs placebo 0.0 (-0.6t0 0.7) -0.0 (-0.7 t0 0.6) -0.0 (-0.7 t0 0.6)
24-wk
Mean, m/s 9.0+1.6 8.4+1.6 8.3+1.4 8.56+2.3
Difference vs placebo —-0.0 (-0.7 t0 0.6) -0.0 (-0.6 t0 0.6) -0.3(-1.0t0 0.3)
Al@HR75
2-wk
Mean, % 25.0+8.5 21.7+8.6 23.4+8.5 22.9+10.8
Difference vs placebo -11(-3.4101.2) -0.6 (-3.0t0 1.8) -0.3 (-0.6 t0 2.0)
12-wk
Mean, % 25.3+8.4 20.8+9.0 23.3+9.1 21.5+10.0
Difference vs placebo 0.7 (1.7 t0 3.0) 0.1 (-2.2t02.5) 0.7 (-1.6 t0 3.0)
24-wk
Mean, % 24.7+8.9 21.3+8.3 23.9+9.1 22.4+10.4
Difference vs placebo -1.0(-3.3t0 1.4) -01 (-2.5102.2) 0.5(-1.8102.8)

Values are mean+SD. Adjusted mean differences (95% Cls) were obtained from linear mixed-effect models with age, sex, baseline value of the outcome of
interest, time, intervention, and the interaction timexintervention as fixed effects. AI@HR75 indicates augmentation index adjusted for heart rate; and . [PWV;
carotid-to-femoral pulse wave velocity.

baseline . PWV (Figure 2). We found that the effect on .
PWV of magnesium citrate versus placebo and of mag-
nesium oxide versus placebo was significantly modified
by age; the effect of magnesium oxide versus placebo
was significantly modified by BMI; the effect of magne-
sium citrate versus placebo was significantly modified
by dyslipidemia; and the effect of magnesium citrate ver-
sus placebo and of magnesium sulfate versus placebo
was significantly modified by baseline . PWV. In younger
participants receiving magnesium oxide supplements, .
PWV was significantly increased by treatment (1.1 m/s;
95% Cl, 0.2-1.6 m/s), while in older participants . PWV
tended to decrease in all magnesium groups, although
effects were not significantly different from placebo. In

J Am Heart Assoc. 2022;11:e021783. DOI: 10.1161/JAHA.121.021783

participants with a BMI of >28 kg/m?, . PWV was re-
duced by magnesium supplementation, with the strong-
est effect observed in the magnesium oxide group,
albeit without reaching statistical significance compared
with placebo treatment. In participants with dyslipi-
demia, there was a significant increase in . PWV in re-
sponse to magnesium citrate supplementation (1.6 m/s;
95% CI, 0.2-3.0 m/s). Finally, in participants with a
higher prevalent . PWV (9.0 m/s), magnesium sulfate
supplementation resulted in a significant decrease in .
PWV (1.4 m/s; 95% ClI, —2.7 to —0.1 m/s). Per-protocol
analyses did not materially change the results. Results
of the subgroup analyses based on clinically relevant
cutoff points are shown in Figure S1. Participants in
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Table 3. Effects of Magnesium Citrate, Magnesium Oxide, and Magnesium Sulfate (Versus Placebo) on Blood Pressure

J Am Heart Assoc. 2022;11:e021783. DOI: 10.1161/JAHA.121.021783

Magnesium citrate (n=46) Magnesium oxide (n=46) Magnesium sulfate (n=46) ::nI:;(eS)bo
Systolic blood pressure
2-wk
Mean, mm Hg 13114 127+15 130+15 130+15
Difference vs placebo -1(-5t02) -0(-41t03) 0(-41t04)
12-wk
Mean, mm Hg 132+15 125+14 129413 12713
Difference vs placebo 2 (-2to 6) 1(-8to5) 2 (-2tob)
24-wk
Mean, mm Hg 133+16 127+15 131+16 129413
Difference vs placebo 1(-2t05) 1(-21t05) 2(-2to6)
Diastolic blood pressure
2-wk
Mean, mm Hg 78+8 77+8 79+8 80+8
Difference vs placebo -1(-8to 1) -1(-3to 1) -1(-2to1)
12-wk
Mean, mm Hg 7849 75+8 79+8 80+9
Difference vs placebo -1(-8t02) -1(-4to1) -1(-3t02)
24-wk
Mean, mm Hg 79+9 76+9 79+9 80+9
Difference vs placebo 0(-2to2) -0(-2to2) -0(-2to2)
Mean arterial pressure
2-wk
Mean, mm Hg 96+10 93+10 96+10 97+10
Difference vs placebo -1(-3to 1) 0(-2to2) -0(-3t02)
12-wk
Mean, mm Hg 96+11 92+9 95+9 96+10
Difference vs placebo 0(-2to3) -0(-3t02) 0(-2to Q)
24-wk
Mean, mm Hg 9711 93+10 96+11 96+10
Difference vs placebo 0(-2t0 Q) 1(-2103) 1(-2103)
Pulse pressure
2-wk
Mean, mm Hg 53+9 50+10 51+10 50+8
Difference vs placebo -0(-3t03) 0(-3t03) 1(-2t04)
12-wk
Mean, mm Hg 53+10 49+9 51+9 48+6
Difference vs placebo 3 (-0to 6) 2 (-1t05) 2(-1tob)
24-wk
Mean, mm Hg 54+10 51+11 52+10 49+6
Difference vs placebo 2 (-1to5) 2 (-1tob) 3 (-0to 6)
Heart rate
2-wk
Mean, bpm 61+8 59+8 59+7 62+7
Difference vs placebo -0(-3t02) -1(-4to1) -1(-3t02)
12-wk
Mean, bpm 61+8 59+7 60+6 61+£8
Difference vs placebo -0(-3t02) -2 (-4to1) -1(-3t02)
(Continued)
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Magnesium citrate (n=46) Magnesium oxide (n=46) Magnesium sulfate (n=46) :::Z:)bo
24-wk
Mean, bpm 62+8 59+7 59+6 62+7
Difference vs placebo 0(-2to Q) -3 (-5to -0)* -1(-4to1)

Values are mean+SD. Adjusted mean differences (95% Cls) were obtained from linear mixed-effect models with age, sex, baseline value of the outcome of

interest, time, intervention, and the interaction timexintervention as fixed effects.

*P<0.05 (two-sided P values).

Table 4. Effects of Magnesium Citrate, Magnesium Oxide, and Magnesium Sulfate (Versus Placebo) on Magnesium

Parameters
Magnesium Magnesium Magnesium Placebo
citrate (n=46) oxide (n=46) sulfate (n=46) (n=26)
Plasma magnesium

2-wk
Mean, mmol/L 0.88+0.06 0.86+0.05 0.86+0.08 0.85+0.07
Difference vs placebo 0.03 (0.01-0.05)** 0.03 (0.01-0.05)* 0.02 (0.00-0.04)

12-wk
Mean, mmol/L 0.87+0.05 0.86+0.04 0.86+0.10 0.85+0.06
Difference vs placebo 0.03 (0.01-0.05)* 0.04 (0.02-0.06)** 0.03 (0.01-0.05)*

24-wk
Mean, mmol/L 0.88+0.06 0.86+0.05 0.85+0.08 0.85+0.06
Difference vs placebo 0.04 (0.02-0.06)** 0.03 (0.01-0.05)** 0.02 (0.00-0.04)

Urinary magnesium

2-wk
Mean, mmol/24-h 7.24+2.11 7.06+1.86 6.80+£2.12 5.41+1.97
Difference vs placebo 2.29 (1.41-317)** 1.93 (1.05-2.80)** 1.82 (0.95-2.70)***

12-wk
Mean, mmol/24-h 7.60+1.91 7.03+2.01 6.61+2.35 5.32+2.11
Difference vs placebo 2.71 (1.83-3.59)** 2.14 (1.26-3.02)*** 1.75 (0.87-2.63)"**

24-wk
Mean, mmol/24-h 7.79+1.92 7.07+1.88 6.62+2.23 5.11+1.83
Difference vs placebo 312 (2.23-4.01)** 2.38 (1.50-3.26)** 2.07 (1.19-2.96)"**

Values are mean+SD. Adjusted mean differences (95% Cls) were obtained from linear mixed-effect models with age, sex, baseline value of the outcome of

interest, time, intervention, and the interaction timexintervention as fixed effects.

*P<0.05.
**P<0.01.
***P<0.001 (2-sided P values).

the magnesium groups with a baseline arterial stiffness
value of >10 m/s showed a stronger decrease in arterial
stiffness compared with participants in the magnesium
groups with baseline arterial stiffness of >9.0 m/s.

Magnesium Versus Placebo on
Gastrointestinal and Somatic Symptom
Severity

Effects of oral magnesium supplementation on gastro-
intestinal and somatic symptom severity are depicted
in Figure 3. Baseline symptom scores were similar be-
tween the groups. No differences were found in gas-
trointestinal symptom severity between the magnesium

citrate and placebo group (Figure 3A). However, partic-
ipants in the magnesium citrate group reported slightly
more somatic symptoms at 12 weeks (P=0.036) com-
pared with the placebo group, although scores were
similar between the groups at 24 weeks (Figure 3B).
Participants receiving magnesium oxide supplements
reported fewer gastrointestinal symptoms at 12 weeks
(versus=0.013) and 24 weeks (P=0.008; Figure 3A) and
fewer somatic symptoms at 12 weeks (P=0.008) and
24 weeks (P=0.012; Figure 3B) compared with partici-
pants in the magnesium citrate group. Compared with
placebo, participants in the magnesium sulfate group
reported more gastrointestinal complaints at 24 weeks
(P=0.021) and more somatic symptoms at 12 weeks

J Am Heart Assoc. 2022;11:e021783. DOI: 10.1161/JAHA.121.021783 10
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Table 5. Effects of Magnesium Oxide and Magnesium Sulfate (Versus Magnesium Citrate) on Vascular Function Markers

Magnesium oxide Magnesium sulfate Magnesium citrate
(n=46) (n=46) (n=46)
PWV
2-wk
Mean, m/s 8.5+1.4 8.4+1.4 9.1+1.9
Difference vs magnesium citrate 0.0(-0.41t0 0.5) -0.4 (-0.91t0 0.0
12-wk
Mean, m/s 8.5+1.2 8.7+1.7 9.0+1.9
Difference vs magnesium citrate -0.0 (-0.5t0 0.4) -0.1(-0.5t00.4)
24-wk
Mean, m/s 8.4+1.6 8.3+14 9.0+1.6
Difference vs magnesium citrate 0.1 (-0.5t00.5) -0.4 (-0.8t0 0.1)
AI@HR75
2-wk
Mean, % 21.7+8.6 23.4+8.5 25.0+8.5
Difference vs magnesium citrate 0.4 (-1.210 2.0) 0.8 (-0.8t02.3)
12-wk
Mean, % 20.8+9.0 23.3£9.1 25.3+8.4
Difference vs magnesium citrate -0.4 (-2.0t0 1.2) 01 (-1.5t01.7)
24-wk
Mean, % 21.3+8.3 23.9+9.1 24.7+8.9
Difference vs magnesium citrate 0.8 (-0.9t0 2.4) 1.5 (-0.1 to 3.1)

Values are mean+SD. Adjusted mean differences (90% Cls) were obtained from linear mixed-effect models with age, sex, baseline value of the outcome of
interest, time, intervention, and the interaction timexintervention as fixed effects. AI@HR75 indicates augmentation index adjusted for heart rate; and . PWV;

carotid-to-femoral pulse wave velocity.

(P=0.015) (Figure 3A and 3B, respectively). No signifi-
cant differences were found in terms of gastrointestinal
and somatic symptom severity between the magne-
sium sulfate and the magnesium citrate group.

Compliance and Adverse Events

Urinary magnesium excretion was consistently in-
creased in all magnesium groups throughout the study,
indicating good overall adherence. This was confirmed
by a mean compliance >90% based on number of re-
turned capsules in all groups (Table S1). In total, 9 sub-
jects were noncompliant according to capsule count
(<80%). Adverse events reported by the study par-
ticipants are shown in Table S1. Frequently reported
adverse events included flatulence (n=10), stomach
pain (n=13), and mild diarrhea (n=13). One female in the
magnesium sulfate group experienced a stroke during
week 3 of the study. This serious adverse event was
considered unrelated to the study treatment, and the
participant was able to continue the study.

DISCUSSION

The primary aim of this study was to assess the ef-
fects of a relatively high dose of magnesium supple-
mentation on arterial stiffness and blood pressure. A

J Am Heart Assoc. 2022;11:e021783. DOI: 10.1161/JAHA.121.021783

total daily dose of 450 mg/d was based on previous
randomized controlled trials (RCTs) that suggested a
greater blood pressure—lowering effect with a higher
total daily dose of magnesium.'®"* Furthermore, no
prior study previously compared the efficacy of dif-
ferent magnesium formulations to pinpoint whether
vascular effects may be driven by magnesium or the
accompanying anion. Therefore, the main novel as-
pects of this trial are the higher magnesium dose and
the head-to-head comparison among various types of
magnesium supplements.

In contrast with our hypothesis, magnesium citrate
supplementation of 450 mg/d for 24 weeks did not
change arterial stiffness or blood pressure. Furthermore,
compared with magnesium citrate treatment, magne-
sium oxide and magnesium sulfate did not significantly
change . ,PWV. In a secondary analysis, magnesium
sulfate supplementation significantly improved . PWV
at 24 weeks in a subgroup with higher arterial stiffness
at baseline. Effects of magnesium citrate and oxide
supplementation on . [PWV at 24 weeks were in a sim-
ilar direction, although not significantly different from
placebo in these instances. Although these subgroup
analyses should be interpreted with caution as it was
not prespecified in the study protocol, this result sug-
gests that oral magnesium supplementation is indeed
effective to improve arterial stiffness in individuals with

11
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Table 6. Effects of Magnesium Oxide and Magnesium
Sulfate (Versus Magnesium Citrate) on Blood Pressure
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Table 6. Continued

Magnesium
oxide
(n=46)

Magnesium
sulfate
(n=46)

Magnesium
citrate
(n=46)

Systolic blood pressure

2-wk

Mean,
mm Hg

127+15

130£15

131+14

Difference vs
magnesium
citrate

1(-21t03)

1 (-1 to 4)

12-wk

Mean,
mm Hg

126+14

129413

132415

Difference vs
magnesium
citrate

A (-4to1)

~0(-3102)

24-wk

Mean,
mm Hg

127+15

13116

133+16

Difference vs
magnesium
citrate

~0(-3103)

1(-21t04)

Diastolic blood pressure

2-wk

Mean,
mm Hg

77+8

79+8

78+8

Difference vs
magnesium
citrate

0(-1t02)

0(-1t02)

12-wk

Mean,
mm Hg

75+8

79+8

78+9

Difference vs
magnesium
citrate

1 (-2t0 1)

0(-1t02)

24-wk

Mean,
mm Hg

76+9

79+9

79+9

Difference vs
magnesium
citrate

—0(-2t01)

1 (2t01)

Magnesium
oxide
(n=46)

Magnesium
sulfate
(n=46)

Magnesium
citrate
(n=46)

Difference vs
magnesium
citrate

0(-1t02)

0(21t02)

Pulse pressure

2-wk

Mean,
mm Hg

50+10

51+10

53+9

Difference vs
magnesium
citrate

1(-2103)

1(-1t03)

12-wk

Mean, mm Hg

49+9

51+9

53+10

Difference vs
magnesium
citrate

1(-3102)

1(-3t02)

24-wk

Mean,
mm Hg

51+11

52+10

54+10

Difference vs
magnesium
citrate

0(2t02)

1(-1t03)

Heart rate

2-wk

Mean, bpm

59+8

59+7

61+8

Difference vs
magnesium
citrate

-1(-31t01)

~0(-2to 1)

12-wk

Mean, bpm

59+7

60+6

61+8

Difference vs
magnesium
citrate

1 (-3100)

—0(2t01)

24-wk

Mean, bpm

59+7

59+6

62+8

Difference vs
magnesium
citrate

-3 (-51t0 -1)*

-2 (-310 -0)

Mean arterial pressu

re

2-wk

Mean,
mm Hg

93+10

96+10

96+10

Difference vs
magnesium
citrate

1(-1t03)

1(-1102)

12-wk

Mean, mm Hg

92+9

95+9

96+11

Difference vs
magnesium
citrate

~0(-2t0 1)

0(-2t02)

24-wk

Mean,
mm Hg

93+10

96+11

97+11

J Am Heart Assoc. 2022;11:e021783.
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(Continued)

Values are mean+SD. Adjusted mean differences (90% Cls) were obtained
from linear mixed-effect models with age, sex, baseline value of the outcome
of interest, time, intervention, and the interaction timexintervention as fixed
effects.

*P<0.01 (one-sided P values).

prevalent increased arterial stiffness. The current trial
was mainly designed to confirm the previously ob-
served effect of magnesium citrate supplementation on
arterial stiffness, now with a slightly higher dose. In the
previous study, we found a significant effect on . PWV
by 1.0 m/s after 24 weeks.'° Interestingly, the effect size
that we observed in individuals with prevalent increased
arterial stiffness in the current study is similar to what we
previously found.

To our knowledge, this is the first study that per-
formed a head-to-head comparison between various

12
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Table 7. Effects of Magnesium Oxide and Magnesium Sulfate (Versus Magnesium Citrate) on Magnesium Parameters

Magnesium Magnesium Magnesium
oxide (n=46) sulfate (n=46) citrate (n=46)
Plasma magnesium

2-wk
Mean, mmol/L 0.86+0.05 0.86+0.08 0.88+0.06
Difference vs magnesium citrate —-0.00 (-0.02 to 0.01) -0.01 (-0.08 to 0.00)

12-wk
Mean, mmol/L 0.86+0.04 0.86+0.10 0.87+0.05
Difference vs magnesium citrate 0.01 (-0.01 t0 0.03) —-0.00 (-0.02 to 0.01)

24-wk
Mean, mmol/L 0.86+0.05 0.85+0.08 0.88+0.06
Difference vs magnesium citrate —-0.01 (-0.02 to 0.01) —-0.02 (-0.04 to -0.00)

Urinary magnesium

2-wk
Mean, mmol/24-h 7.06+1.86 6.80+2.12 7.24+2.11
Difference vs magnesium citrate -0.35 (-1.00 to 0.29) -0.47 (-1.10t0 0.17)

12-wk
Mean, mmol/24-h 7.03+2.01 6.61+2.35 7.60+1.91
Difference vs magnesium citrate -0.56 (-1.21 to 0.08) -0.96 (-1.61 to -0.32)*

24-wk
Mean, mmol/24-h 7.07+1.88 6.62+2.23 7.79+1.92
Difference vs magnesium citrate -0.74 (-1.39 to —0.10)* -1.05 (-1.69 to -0.41)**

Values are mean+SD. Adjusted mean differences (90% Cls) were obtained from linear mixed-effect models with age, sex, baseline value of the outcome of

interest, time, intervention, and the interaction timexintervention as fixed effects.

*P<0.05.
**P<0.01 (one-sided P values).

magnesium formulations in terms of effects on arterial
stiffness and blood pressure. Previous studies that
addressed the effects of oral magnesium supplemen-
tation on vascular function markers deliberately chose
a magnesium formulation based on their proposed
bioavailability, whereas evidence regarding the bio-
availability of magnesium formulations is still scarce.
A higher bioavailability may yield greater effects, as
more magnesium is absorbed and enters the circu-
lation. Organic formulations, such as magnesium ci-
trate or magnesium gluconate, are generally preferred
over inorganic formulations, such as magnesium oxide
and magnesium sulfate.'®?* However, a recent meta-
analysis showed that the inorganic formulations exhib-
ited a greater increase in serum magnesium compared
with organic formulations.'® This prompted us to com-
pare the effects of organic with inorganic formulations,
as bioavailability may differ between different formu-
lations. The present study showed that the organic
formulation magnesium citrate has a slightly higher bio-
availability, assessed by 24-hour urinary magnesium
excretion, compared with the inorganic magnesium
oxide and magnesium sulfate. However, the increase in
plasma magnesium levels in the magnesium oxide and
magnesium sulfate group was not significantly different
from the increase in the magnesium citrate group during

J Am Heart Assoc. 2022;11:e021783. DOI: 10.1161/JAHA.121.021783

intervention. These findings are in line with the study of
Coudray et al'” showing that organic formulations were
better absorbable than inorganic formulations, while no
differences in terms of plasma magnesium were ob-
served. Two studies reported higher 24-hour urinary
magnesium excretions as well as higher levels of serum
and erythrocyte magnesium after magnesium citrate
supplementation compared with magnesium oxide
supplementation.'®?® The intestinal solubility likely plays
an important role in bioavailability of magnesium.

We previously observed that, during a 24-week pe-
riod, arterial stiffness was significantly improved follow-
ing oral magnesium citrate supplementation, while the
effect was not present at 3 months.'® In the current
RCT, no effect of 24-week oral magnesium supplemen-
tation on arterial stiffness was found. Similarly, Cunha
et al®® recently reported no effect on arterial stiffness
after 6 months of oral magnesium chelate supplemen-
tation administered at a dosage of 600 mg/d, which
is 25% higher than the dose that was administered
in our current study. Subgroup analyses of a recently
published meta-analysis showed an effect of oral mag-
nesium supplementation on endothelial function, which
is another vascular function marker, was present only
in RCTs with a study duration of at least 6 months.??
Thus, it is possible that a 24-week treatment period is

13



€202 ‘0 aunr uo Aq Bio'sjeuinofeue/:dny wod) pepeojumoq

Schutten et al

Magnesium Supplementation and Arterial Stiffness

Subgroup Comparison Magnesium Placebo Adjusted mean P-interaction
Age (n) {n) difference (35% CI)
<63y Mg-citrate 15 12 0.7 (-0.2; 1.8) —— 0.053
Mg-oxide 19 12 1.1(0.2; 1.6) —e 0.003
Mg-sulfate 24 12 0.2 (-0.6, 1.0) —— 0.169
z63y Mg-citrate 28 13 -0.6 (-1.5; 0.3) —
Mg-oxide 27 13 -0.6 (-1.5; 0.3) ——
Mg-sulfate 20 13 -0.7 (-1.7; 0.3) —
Sex
Males Mg-citrate 15 12 -0.3(-1.4; 0.8) —— 0.785
Mg-oxide 17 12 0.1(-0.9;1.2) ] 0.741
Mg-sulfate 15 12 -0.1(-1.2,1.0) e 0.568
Females Mg-citrate 28 13 0.1(-0.8;0.9) i
Mg-oxide 29 13 -0.1(-0.9;0.7) R
Mg-sulfate 29 13 -0.5(-1.3; 0.4) ———t
BMI
< 28 kg/m? Mg-citrate 23 15 0.3(-04;1.1) ——i 0.159
Mg-oxide 27 15 0.5(-0.2; 1.3) —— 0.040
Mg-sulfate 20 15 -0.4 (-1.2;0.3) —— 0.863
= 28 kg/m? Mg-citrate 20 10 -0.6 (-1.7; 0.8) ———
Mg-oxide 19 10 -1.0(-2.1;0.2) ——t
Mg-sulfate 24 10 -0.5 (-1.6; 0.6) ———
Waist circumference
Men: < 102 cm, women: < 92 cm Mg-citrate 20 14 0.3(-0.7; 1.2) — 0.359
Mg-oxide 28 14 0.3 (-0.6; 1.1) —— 0.359
Mg-sulfate 19 14 -0.5(-1.4; 0.5) —— 0.817
Men: >= 102 cm, women: >=92cm  Mg-citrate 23 11 03(-1.2,07) —_—
Mg-oxide 18 1 -0.4(-1.3; 0.6 e
Mg-sulfate 25 1 -0.3(-1.2; 0.6 I
Diuretic use
Yes Mg-citrate 3 3 08(1.2,27) —_— 0.849
Mg-oxide 2 3 0.5(-1.4; 2.3) —_— 0.993
Mg-sulfate 3 3 0.3(-1.5;:2.0) —_—— 0.995
No Mg-citrate 40 22 -0.1(-0.8; 0.8) ——
Mg-oxide 44 22 -0.1(-0.7; 0.6) ——
Mg-sulfate 41 22 -0.4 (-1.1; 0.3) ——
Dyslipidemia
Yes Mg-citrate 11 7 1.6 (0.2; 3.0)* . 0.015
Mg-oxide 12 7 0.7 (-0.7; 2.0) —_— 0.243
Mg-sulfate 16 7 0.3 (-1.0; 1.5) —— 0.385
No Mg-citrate 32 18 -0.5(-1.2;0.2) ——t
Mg-oxide 34 18 -0.2 (-0.9; 0.5) —
Mg-sulfate 28 18 -0.5(-1.2; 0.3) S
Hypertension
Yes Mg-citrate 18 1 -0.3 (-1.5; 0.9) —_— 0.508
Mg-oxide 14 11 -0.5(-1.7; 0.7) —_— 0.173
Mg-sulfate 17 11 -0.7 (-1.9; 0.5) —_— 0.303
MNo Mg-citrate 25 14 0.3(-0.5;1.0) ——
Mg-oxide 32 14 0.4(-0.3;1.1) ——
Mg-sulfate 27 14 0.0 (-0.7; 0.7) ——
PWV
< 9.0 mfs Mg-citrate 19 16 0.5(-0.2;1.1) —— 0.052
Mg-oxide 3N 16 0.3 (-0.3; 1.0) —— 0.128
Mg-sulfate 26 16 0.3 (-0.4; 1.0) —— 0.016
z9.0m/s Mg-citrate 24 9 -0.9(-2.1;0.4) ———
Mg-oxide 15 9 -0.7 (-2.0; 0.7) ———
Mg-sulfate 18 9 -14(-27,-01) ——
Total
Mg-citrate 43 25 -0.0 (-0.7; 0.8) —
Mg-oxide 46 25 -0.0 (-0.6; 0.6) L
Mg-sulfate 44 25 0.3(-1.0;0.3) e
T 1 T T 1
4 2 41 0 1 2 3
Adjusted mean difference (95% CI)

Figure 2. Treatment effects of magnesium citrate, magnesium oxide and magnesium sulfate supplementation (Versus
placebo) on . [PWV by subgroups of age, sex, BMI, waist circumference, diuretic use, dyslipidemia, hypertension and . [PWV.
Effects of magnesium supplementation on _[PWV were quantified with linear mixed-effect models specifying intervention and the

baseline value of

too short to find an effect of magnesium supplementa-
tion on arterial stiffness and that RCTs with longer treat-
ment periods are required to provide evidence for an
effect of oral magnesium supplementation on arterial
stiffness.

Although ;PWV values were comparable with
the previous observed values,'® in the present study

J Am Heart Assoc. 2022;11:e021783. DOI: 10.1161/JAHA.121.021783

-PWV as fixed effects. BMI indicates body mass index; and . PWV; carotid-to-femoral pulse wave velocity.

we included more women, and mean BMI and total
cholesterol levels were lower at baseline, suggesting
that the study population might have been slightly
healthier than our previously selected study popula-
tion. The meta-analysis of Marques et al*® showed that
magnesium was effective in RCTs including older and
more overweight subjects. Indeed, in our subgroup
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Figure 3. Gastrointestinal symptom scores (A) and somatic symptom scores (B).
Scores represent mean+SEM. For the somatic symptom score, the mean of the 14 items was calculated. For the composite

” o«

gastrointestinal score, the items “Stomach pain”, “constipation, loose bowels, or diarrhea,” and “nausea, gas, or indigestion” were
summed up. Between-group differences were calculated with the Mann-Whitney U test. *P<0.05 magnesium citrate vs placebo,
TP<0.05 magnesium sulfate vs placebo, #P<0.05 magnesium oxide vs magnesium citrate, #P<0.01 magnesium vs magnesium citrate.

analyses, the effect of oral magnesium supplementa-
tion on arterial stiffness was modified by age and BMI,
in such a way that the effect was more pronounced
in participants who were older and more overweight.
However, the effects in these subgroups were not sta-
tistically significant. On the other hand, in participants
with dyslipidemia, ,[PWV was significantly increased
after a 24-week treatment with magnesium citrate
supplements. The subgroup analyses also showed
that oral magnesium supplementation was more ef-
fective in participants with increased arterial stiffness
at baseline. Notably, the effect size in this group was
comparable with the effect size that we found in our
previous study. The interaction by age might be partly
explained by the fact that aging induces functional and
structural changes in large elastic arteries, suggesting
that the subgroup of older participants had prevalent
increased arterial stiffness as well. Thus, our subgroup
analyses might indicate that future trials should inves-
tigate effects of magnesium supplementation in study
populations with more severe arterial stiffness, such as
patients with chronic kidney disease.?”
Gastrointestinal adverse events induced by magne-
sium supplements are frequently reported. Particularly,
osmotic diarrhea is often a result of high dosages of
magnesium from dietary supplements. Therefore, the
European Food Safety Authority has set the upper level

J Am Heart Assoc. 2022;11:e021783. DOI: 10.1161/JAHA.121.021783

for magnesium supplements at 350 mg/d.? Magnesium
oxide is often used for the treatment of constipation
because of its laxative properties. Magnesium sulfate,
on the other hand, is often intravenously administered
for treating and prevention of eclamptic seizures.?® As
a consequence, trials using oral magnesium sulfate
are scarce. To the best of our knowledge, this is the
first study that assessed somatic and gastrointestinal
symptom severity of various magnesium formulations.
Both scores were derived from the PHQ-15. In general,
gastrointestinal complaints are frequently reported by
RCTs that administered magnesium supplements®%2t;
however, these adverse events are often derived from
patients’ diaries or nonvalidated questionnaires, with-
out a formal quantification. In the current study, ad-
ministering 450 mg/d of magnesium citrate yielded
slightly more gastrointestinal complaints at 12 weeks
compared with a placebo. However, this effect was not
observed at the end of the trial. Furthermore, partici-
pants in the magnesium oxide group reported signifi-
cantly fewer somatic and gastrointestinal complaints at
12 weeks and 24 weeks compared with participants
in the magnesium citrate group. Our findings may in-
dicate that magnesium oxide supplements are better
tolerated than magnesium citrate supplements and
are likely better tolerated than magnesium sulfate sup-
plements. This is further substantiated by the fact that
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none of the participants from the magnesium oxide
group discontinued the study treatment because of
gastrointestinal complaints, whereas 2 (4.3%) partici-
pants from the magnesium citrate group and 2 (4.3%)
participants from the magnesium sulfate group re-
ported gastrointestinal complaints as the main reason
for discontinuation.

Strengths and Limitations

We performed a relatively large multiple-arm, ran-
domized, double-blind, placebo-controlled trial,
allowing comparison of different magnesium for-
mulations. Previous trials mainly administered only
a single magnesium formulation, while the varying
formulations between studies introduces signifi-
cant heterogeneity.?® Furthermore, the compliance
of the treatment groups was excellent, as shown
by both increased 24-hour urinary magnesium
excretion and the low rate of returned capsules.
Another strength is that we measured . PWYV, cur-
rently the gold standard for the quantification of
arterial stiffness.®? Finally, our data showed that
dietary intake according to food diaries did not
change during the study. This strongly suggests
that our findings were not influenced by changes
in eating habits, since the participants maintained
their usual diet.

Some limitations need to be addressed. First, the
current study was not sufficiently powered to perform
subgroup analyses, since the subgroup analyses were
not included in our main analyses, on which the sample
size calculation was based. Therefore, these analyses
are exploratory and hypothesis generating and must be
confirmed by further RCTs. Second, we did not mea-
sure 24-hour ambulatory blood pressure, which is gen-
erally a more accurate method to measure the blood
pressure. Instead, we measured office blood pressure
4 times according to a strict protocol.®® Furthermore,
it is well known that magnesium is the second most
abundant intracellular cation. However, we did not study
intracellular magnesium concentrations. It would there-
fore have been very interesting if we had measured the
intracellular concentration of magnesium. Unfortunately,
this was not included in the study protocol, and we did
not collect samples to allow for measurement of the
intracellular magnesium concentration. It would be in-
teresting if future studies could include such measure-
ments. Another limitation is that we did not record the
direct carotid-femoral distance, as recommended by
the European Network for Non-invasive Investigation of
Large Arteries,?® but rather the distance suprasternal
notch and the umbilicus as required for calculation of
PWV by the SphygmoCor software that we used. It
should, however, be noted that a strong correlation of
0.97 between . PWV calculated on the basis of 80%
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of the direct carotid-femoral distance and . PWV cal-
culated on the basis of the suprasternal notch distance
and the umbilicus has been reported.®* Finally, the clini-
cal measurements in the current study were performed
by 3 investigators, of which 1 investigator performed
the vast majority of the measurements and the other 2
were appointed as co-operators. Although all the co-
operators were well trained by the main operator for
several weeks, it may have introduced interoperator
variability. However, intrasubject variability was mini-
mized by using the same operator for each single par-
ticipant as much as possible.

CONCLUSIONS

In this RCT conducted in 164 individuals who were
overweight or slightly obese, administering 450 mg
of magnesium per day in an organic form (magne-
sium citrate) for 24 weeks did not change arterial
stiffness or blood pressure. Furthermore, the in-
organic formulations magnesium oxide and mag-
nesium sulfate had similar nonsignificant effects
on arterial stiffness and blood pressure. This indi-
cates that magnesium supplements may not have
beneficial effects on arterial stiffness, at least not
in subjects with normal arterial stiffness values. It
should be further elucidated whether long-term oral
magnesium supplementation is effective in individu-
als with increased arterial stiffness, such as patients
with chronic kidney disease.
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Table S1. Adherence to the treatments groups, reasons for discontinuation and Gl adverse events over 24-wk follow-up.

Magnesium citrate Magnesium oxide Magnesium sulfate Placebo
Adherence
Compliance”, % 96 +5 93+8 94 +7 90 £ 15
Reasons for discontinuation
Gl symptoms, n (%) 2(4.3) 0(0) 2 (4.3) 2(7.7)
Other symptoms, n (%) 0(0) 1(2.2) 0(0) 0(0)
Gl adverse eventsy
Flatulence, n (%) 4 (8.7) 2(4.3) 2(4.3) 2(7.7)
Stomach pain, n (%) 1(2.2) 5(10.9) 4(8.7) 3(11.5)
Mild diarrhea, n (%) 5(10.9) 1(2.2) 5(10.9) 2(7.7)
Nausea, n (%) 3 (6.5) 2 (4.3) 2 (4.3) 1(3.8)
Bloating, n (%) 1(2.2) 1(2.2) 2(4.3) 1(3.8)
Constipation, n (%) 2(4.3) 0(0) 0 (0) 0(0)

€202 ‘0 {unC uo /(q Bios feuino _@L|E'//Id11L| wioJj papeo jumoq

“Mean compliance (+ SD) was calculated as the percentage of the total capsule intake (based on the returned capsules). tDerived from subjects’ study diaries. GI; gastro-
intestinal.



€202 ‘0 {unC uo /(q Bios feuino _@L|E'//Id11L| wioJj papeo jumoq

Table S2. Effects of magnesium citrate, magnesium oxide and magnesium sulfate (vs placebo) on plasma minerals.

Magnesium citrate Magnesium oxide Magnesium sulfate Placebo
(n=46) (n=46) (n=46) (n=26)
Plasma calcium
2-wk
Mean, mmol/L 2.25+£0.08 2.26 £0.08 2.27 £0.07 2.25+0.12
Difference vs placebo -0.02 (-0.01; 0.05) 0.03 (-0.00; 0.06) 0.02 (-0.01; 0.05)
12-wk
Mean, mmol/L 2.25+£0.07 2.26 £0.09 2.28 £0.07 2.26 £0.07
Difference vs placebo -0.01 (-0.03; 0.04) 0.01 (-0.02; 0.04) 0.01 (-0.02; 0.04)
24-wk
Mean, m/s 2.27 £0.06 2.28 £0.09 2.28 £0.07 2.29+0.08
Difference vs placebo -0.00 (-0.03; 0.03) -0.01 (-0.04; 0.03) -0.02 (-0.05; 0.01)
Plasma potassium
2-wk
Mean, mmol/L 42+04 42+0.3 42+0.3 41+0.2
Difference vs placebo 0.1(-0.1;0.2) 0.1(-0.1;0.2) 0.0 (-0.1; 0.2)
12-wk
Mean, mmol/L 41+0.3 42+04 42+0.3 41+03
Difference vs placebo 0.0 (-0.2; 0.2) 0.1(-0.1;0.2) 0.0 (-0.1; 0.2)
24-wk
Mean, mmol/L 42+04 42+0.3 42+04 41+0.2
Difference vs placebo 0.1(-0.1;0.3) 0.1(-0.1;0.3) 0.1(-0.1;0.3)
Plasma sodium
2-wk
Mean, mmol/L 140.0£ 1.7 140.0£1.9 1404 +£1.2 1408+ 14
Difference vs placebo -0.3(-1.1;0.9) -0.6 (-1.3;0.2) -0.3 (-1.0; 0.5)
12-wk
Mean, mmol/L 140.1+£24 1406 £ 1.8 140514 140.6 £ 1.3
Difference vs placebo 0.4 (-0.6; 0.9) 0.4 (-0.3; 1.2) 0.3 (-0.6; 0.9)
24-wk
Mean, mmol/L 139.8+1.8 1404 +£1.8 140.7+£ 1.8 140.2+£1.3
Difference vs placebo -0.1 (-0.9; 0.7) 0.4 (-0.4;0.2) 0.6 (-0.2; 1.3)
Plasma albumin
2-wk
Mean, g/L 432+25 443+£20 43.7+£25 442 +£55
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Difference vs placebo -1.3(-2.5; -0.1) -0.1(-1.3;1.1) -0.5(-1.7;0.7)

12-wk
Mean, g/L 432+2.2 438120 435+2.1 434 +£3.2
Difference vs placebo -0.5(-1.8;0.7) 0.3 (-0.9; 1.6) 0.2 (-1.0; 1.4)

24-wk
Mean, g/L 425+24 43.7+2.3 43.7+2.1 433128
Difference vs placebo -1.2 (-2.5; -0.0)* 0.3 (-0.9; 1.5) 0.4 (-0.8; 1.7)

Plasma phosphate

2-wk
Mean, mmol/L 1.02 £0.13 0.98 +0.15 0.97 +0.15 1.01+0.14
Difference vs placebo 0.02 (-0.03; 0.06) -0.01 (-0.06; 0.03) -0.02 (-0.06; 0.03)

12-wk
Mean, mmol/L 1.02 +0.15 0.99+0.15 1.00+0.14 0.97+0.15
Difference vs placebo 0.06 (0.01; 0.11)* 0.03 (-0.02; 0.08) 0.06 (0.01; 0.11)*

24-wk
Mean, mmol/L 1.02+0.14 1.00 £ 0.15 0.99+0.14 0.99+0.14
Difference vs placebo 0.04 (-0.01; 0.09) 0.02 (-0.02; 0.07) 0.03 (-0.02; 0.08)

Plasma creatinine

2-wk
Median 73 (67-83) 77 (65-85) 70 (66-83) 1.01+0.14
Difference vs placebo -0.0 (-0.0; -0.0) -0.01 (-0.03; 0.00) -0.01 (-0.03; 0.00)

12-wk
Median 74 (66-86) 77 (67-88) 72 (65-84) 0.97+0.15
Difference vs placebo -0.0 (-0.0; 0.0) -0.01 (-0.03; 0.01) -0.01 (-0.02; 0.01)

24-wk
Median 74 (65-83) 76 (63-87) 72 (64-81) 0.99+0.14
Difference vs placebo -0.0 (-0.0; 0.0) -0.00 (-0.02; 0.01) -0.00 (-0.03; 0.01)

Values are mean + SD or median (interquartile range). Adjusted mean differences (95% Cls and) were obtained from linear mixed-effect models with age, sex, baseline
value of the outcome of interest, time, intervention, and the interaction time x intervention as fixed effects. * P < 0.05 (two-sided P values).
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Table S3. Effects of magnesium citrate, magnesium oxide and magnesium sulfate (vs placebo) on urinary minerals.

Magnesium citrate Magnesium oxide Magnesium sulfate Placebo
(n=46) (n=46) (n=46) (n=26)
Urinary calcium
2-wk
Mean, mmol/24-h 49+22 6.0+ 2.7 54+24 45+21
Difference vs placebo 0.5(-0.3; 1.4) 1.0(0.1; 1.9)* 0.7 (-0.1; 1.6)
12-wk
Mean, mmol/24-h 50+£22 58128 53+23 41+17
Difference vs placebo 1.0(0.1; 1.9)* 1.2 (0.4; 2.1)** 1.0(0.1; 1.9)*
24-wk
Mean, mmol/24-h 48+23 59+28 53127 41+15
Difference vs placebo 0.8 (-0.0; 1.7) 1.2 (0.4, 2.1)** 1.0(0.1; 1.8)*
Urinary potassium
2-wk
Mean, mmol/24-h 87.3+25.0 97.3+£28.1 93.2+24.6 80.4 £29.3
Difference vs placebo 13.0 (0.4; 25.6)* 17.4 (4.8; 29.9)** 15.8 (3.3; 28.2)*
12-wk
Mean, mmol/24-h 88.9 +25.3 98.0£29.2 95.2+324 81.2+24.6
Difference vs placebo 11.7 (-0.9; 24.4) 16.4 (3.8; 28.9)* 14.8 (2.2; 27.3)*
24-wk
Mean, mmol/24-h 90.2 £26.3 95.5+27.6 949+314 79.7+28.9
Difference vs placebo 15.1 (2.4; 27.9)* 15.4 (2.8; 28.1)* 17.0 (4.4; 29.7)**
Urinary sodium
2-wk
Mean, mmol/24-h 143.3+£53.1 151.8 £ 55.7 154.3 £ 66.5 138.3+45.9
Difference vs placebo 19.3 (-6.7; 45.2) 26.6 (0.7; 52.5)* 22.4 (-3.2; 47.9)
12-wk
Mean, mmol/24-h 135.7 £ 45.6 146.9 £51.2 159.8 + 60.7 130.7+£41.6
Difference vs placebo 17.4 (-8.8; 43.5) 26.2 (0.3; 52.2)* 34.4 (8.8; 60.1)**
24-wk
Mean, mmol/24-h 141.7+£ 455 153.0 £ 52.6 150.4 £57.4 131.2+£39.3

Difference vs placebo

21.9 (-4.5; 48.3)

30.5 (4.4; 56.5)*

23.7 (-2.2; 49.6)

Urinary creatinine

2-wk
Mean,

126 +3.5

12.7+4.0

131+4.2

126 +3.7
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Difference vs placebo 0.2(-1.2;1.5) 0.3(-1.1;1.6) 0.3(-1.1;1.6)
12-wk

Mean, 13.0+3.6 129+3.7 13.3+4.0 12.6 +3.7
Difference vs placebo 0.5(-0.8; 1.8) 0.6 (-0.8; 1.9) 0.5(-0.8;1.9)

24-wk
Mean, 12.6+3.2 13.0+3.38 12.7+3.3 126 +35
Difference vs placebo 0.1(-1.3;1.4) 0.7 (-0.6; 2.0) -0.1(-1.4;1.3)

Values are mean + SD. Adjusted mean differences (95% CIs) were obtained from linear mixed-effect models with age, sex, baseline value of the outcome of interest, time,
intervention, and the interaction time x intervention as fixed effects. * P < 0.05, ** P<0.01 (two-sided P values).
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Table S4. Effects of magnesium citrate, magnesium oxide and magnesium sulfate (vs placebo) on body composition.

Magnesium citrate Magnesium oxide Magnesium sulfate Placebo
(n=46) (n=46) (n=46) (n=26)
Weight
2-wk
Mean, kg 85.7+12.9 82.8+12.0 86.0+11.8 85.5+10.4
Difference vs placebo -0.1 (-0.8; 0.6) 0.0 (-0.7; 0.8) -0.2 (-0.9; 0.5)
12-wk
Mean, kg 86.6 +12.1 83.0+12.0 86.3+£12.0 86.1+9.8
Difference vs placebo -0.1 (-0.8; 0.7) 0.2 (-0.6; 0.9) 0.3 (-0.4; 1.0)
24-wk
Mean, kg 86.3 +12.7 82.6 +12.0 86.5+12.6 85.9+9.8
Difference vs placebo 0.0 (-0.8; 0.7) 0.3 (-0.4; 1.0) 0.7 (-0.0; 1.4)
BMI
2-wk
Mean, kg/m* 28.6 £3.4 275+2.1 28.3+2.8 27825
Difference vs placebo -0.0 (-0.3;0.2) 0.0 (-0.2; 0.3) -0.1(-0.3;0.2)
12-wk
Mean, kg/m? 28.7+3.4 275+2.1 285+29 27.6 £2.5
Difference vs placebo -0.0 (-0.3;0.2) 0.1(-0.2;0.3) 0.1(-0.1;0.3)
24-wk
Mean, kg/m* 28.6 3.5 275+2.1 28.6 £3.0 276 2.5
Difference vs placebo -0.0 (-0.3; 0.2) 0.1(-0.1;0.3) 0.2 (-0.0; 0.5)
Waist circumference
2-wk
Mean, cm 96 + 10 94+ 10 9%6+9 96 +8
Difference vs placebo -0.5 (-2.3; 1.3) 0.4 (-1.4;2.2) 0.0 (-1.7; 1.8)
12-wk
Mean, cm 97 +£10 93+9 979 97+£8
Difference vs placebo -0.2 (-2.1; 1.6) -1.3(3.2;0.5) -0.1 (-1.9; 1.8)
24-wk
Mean, cm 97 £10 93+9 97 £10 97+8
Difference vs placebo 0.1(-1.8;1.9 -1.9 (-3.7; -0.1)* 0.6 (-1.2; 2.4)
Hip circumference
2-wk
Mean, cm 1107 107 £6 107 £6 107 £ 6
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Difference vs placebo -0.1(-1.6;1.4) 0.4(-1.1;1.9) -0.2 (-1.7; 1.3)

12-wk
Mean, cm 109 £ 7 107 £6 107 £7 108 £ 6
Difference vs placebo -0.6 (-2.2; 0.9) 0.2(-1.4;1.7) -0.1(-1.7; 1.4)

24-wk
Mean, cm 109 £ 7 105+6 107 £7 107 £ 6
Difference vs placebo -0.3(-1.9;1.2) -0.6 (-2.1; 0.9) -0.1 (-1.6; 1.5)

Total body fat

2-wk
Mean, % 36.8+8.1 346 +6.1 35.9+8.3 341+7.2
Difference vs placebo 0.1(-0.9;1.1) 0.6 (-0.4; 1.6) 0.3 (-0.6; 1.3)

12-wk
Mean, % 36.6+7.9 34.6 £6.5 35.8+7.7 33977
Difference vs placebo 0.0 (-1.0; 1.0) 0.4 (-0.6; 1.4) 0.2(-0.8; 1.2)

24-wk
Mean, % 36.4+7.7 34.9+6.3 35.9+7.7 343+7.7
Difference vs placebo -0.3(-1.3;0.7) 0.0 (-1.0; 1.0) 0.0 (-1.0; 1.0)

Values are mean + SD. Adjusted mean differences (95% CIs) were obtained from linear mixed-effect models with age, sex, baseline value of the outcome of interest, time,
intervention, and the interaction time x intervention as fixed effects.
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Table S5. Energy and nutrient intakes after a 24-wk magnesium or placebo treatment.

Magnesium Magnesium Magnesium Placebo
citrate (n=46) oxide (n=46) sulfate (n=46) (n=26)
Energy,
Mean, kcal/day 1706 + 406 1767 + 338 1732 £ 362 1691 + 419
Difference vs placebo -70 (-81; 222) 108 (-41; 256) 62 (-89; 212)
Macronutrients
Carbohydrate
Mean, g/day 172 £ 53 180 + 45 182 £ 40 178 +48
Difference vs placebo 1(-17;19) 5 (-13; 23) 6 (-11; 24)
Protein
Mean, g/day 75116 7717 73116 69 £19
Difference vs placebo 7 (0; 15)* 9(2;17)* 5(-2; 12)
Total fat
Mean, g/day 70+£21 70+ 17 68 + 21 66 + 24
Difference vs placebo 6 (-3; 15) 6 (-3; 15) 2(-7;12)
Saturated FA
Mean, g/day 26+9 27+7 26+9 25+ 12
Difference vs placebo -2 (-2; 6) 1(-2;5) 1(-3;5)
Monounsaturated FA
Mean, g/day 23+8 237 22+8 21+9
Difference vs placebo 2 (-2; 6) 2 (-1, 6) 1(-3;4)
Polyunsaturated FA
Mean, g/day 135 14+6 13+6 12+6
Difference vs placebo 1(-2;3) 1(-1;4) 0(-2;3)
Alcohol
Mean, g/day 6+8 9+10 817 9+13
Difference vs placebo -2 (-6; 2) -2 (-5; 2) -2 (-6; 2)
Dietary fiber
Mean, g/day 19+5 20+ 6 19+4 207
Difference vs placebo -1(-3; 1) -1(-3;1) -0 (-2; 2)
Cholesterol
Mean, g/day 218 + 83 215+ 85 207 + 104 182 +78
Difference vs placebo 39 (-3; 80) 35 (-6; 75) 25 (-16; 66)

Magnesium

Micronutrients
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Mean, mg/day 306 + 66 327 £ 94 311+92 316 +117

Difference vs placebo 7 (-25; 39) -1 (-36; 30) 5 (-27; 37)

Sodium
Mean, mg/day 2030 + 648 2028 + 627 2102 + 691 1947 £+ 633
Difference vs placebo -198 (-92; 489) 167 (-118; 451) 186 (-102; 473)

Calcium
Mean, mg/day 900 + 271 947 + 342 909 + 384 940 + 411
Difference vs placebo 41 (-87; 169) 4 (-121; 129) 56 (-71; 184)

Potassium
Mean, mg/day 3040 + 736 3130 £ 753 3000 + 700 2951 + 884
Difference vs placebo 162 (-102; 425) 81 (-178; 340) 99 (-162; 361)

Values are mean + SD. Adjusted mean differences (95% CIs) were obtained from linear mixed-effect models with age, sex,
baseline value of the outcome of interest, time, intervention, and the interaction time x intervention as fixed effects. * P < 0.05
(two-sided P values for superiority tests and one-sided P values for non-inferiority tests).
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Table S6. Effects of magnesium oxide and magnesium sulfate (vs magnesium citrate) on plasma minerals.

Magnesium oxide

Magnesium sulfate

Magnesium citrate

(n=46) (n=46) (n=46)
Plasma calcium
2-wk
Mean, mmol/L 2.26 +0.08 2.27 £0.07 2.25+0.08
Difference vs magnesium citrate 0.01 (-0.01; 0.03) 0.00 (-0.02; 0.02)
12-wk
Mean, mmol/L 2.26 +0.09 2.28 +0.07 2.25+0.07
Difference vs magnesium citrate 0.00 (-0.02; 0.02) 0.00 (-0.02; 0.03)
24-wk
Mean, m/s 2.28 £0.09 2.28 £0.07 2.27 £0.06
Difference vs magnesium citrate -0.00 (-0.03; 0.02) -0.02 (-0.04; 0.00)
Plasma potassium
2-wk
Mean, mmol/L 42+0.3 42+0.3 42+04
Difference vs magnesium citrate -0.0 (-0.1;0.1) -0.0 (-0.2;0.1)
12-wk
Mean, mmol/L 42+04 42+0.3 41+0.3
Difference vs magnesium citrate 0.0 (-0.1; 0.2) 0.0 (-0.1; 0.1)
24-wk
Mean, mmol/L 42+0.3 42+04 42+04
Difference vs magnesium citrate -0.0 (-0.1;0.1) -0.0 (-0.1;0.1)
Plasma sodium
2-wk
Mean, mmol/L 140.0+1.9 1404 +1.2 140.0+ 1.7
Difference vs magnesium citrate -0.2 (-0.8; 0.3) 0.1 (-0.5; 0.6)
12-wk
Mean, mmol/L 140.6 £ 1.8 1405+1.4 1401+ 2.4
Difference vs magnesium citrate 0.3(-0.3; 0.9) -0.0 (-0.6; 0.5)
24-wk
Mean, mmol/L 1404 +1.8 140.7+1.8 139.8+1.8
Difference vs magnesium citrate 0.5(-0.1;1.0) 0.7(0.1;1.2)

Plasma albumin

2-wk
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Mean, g/L 443+20 43.7+25 43.2+25
Difference vs magnesium citrate 1.2 (0.5;1.9** 0.8 (-0.0; 1.5)

12-wk
Mean, g/L 43.8+20 435+21 43.2+2.2
Difference vs magnesium citrate 0.8 (0.0; 1.5) 0.7 (-0.0,; 1.4)

24-wk
Mean, g/L 43.7+23 43.7+2.1 425+24
Difference vs magnesium citrate 1.5(0.8; 2.2)** 1.6 (0.9; 2.3)**

Plasma phosphate

2-wk
Mean, mmol/L 0.98 £0.15 0.97£0.15 1.02+£0.13
Difference vs magnesium citrate -0.03 (-0.06; 0.00) -0.03 (-0.07; 0.00)

12-wk
Mean, mmol/L 0.99 £0.15 1.00+£0.14 1.02£0.15
Difference vs magnesium citrate -0.03 (-0.07; 0.00) -0.00 (-0.04; 0.03)

24-wk
Mean, mmol/L 1.00£0.15 0.99+0.14 1.02+£0.14
Difference vs magnesium citrate -0.01 (-0.05; 0.02) -0.01 (-0.05; 0.02)

Plasma creatinine

2-wk
Median 77 (65-85) 70 (66-83) 73 (67-83)
Difference vs magnesium citrate -0.0 (-0.0; 0.0) -0.0 (-0; 0.0) .

12-wk
Median 77 (67-88) 72 (65-84) 74 (66-86)
Difference vs magnesium citrate 0.0 (-0.0; 0.0) 0.0 (-0.0; 0.0) .

24-wk
Median 76 (63-87) 72 (64-81) 74 (65-83)
Difference vs magnesium citrate 0.0 (-0.0; 0.0) 0.0 (-0.0; 0.0) .

Values are mean + SD or median (interquartile range). Adjusted mean differences (90% ClIs) were obtained from linear mixed-effect

models with age, sex, baseline value of the outcome of interest, time, intervention, and the interaction time x intervention as fixed
effects. * P < 0.05, ** P<0.01 (one-sided P values).
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Table S7. Effects of magnesium oxide and magnesium sulfate (vs magnesium citrate) on urinary minerals.

Magnesium oxide

Magnesium sulfate

Magnesium citrate

(n=46) (n=46) (n=46)
Urinary calcium
2-wk
Mean, mmol/24-h 6.0+27 54+24 49+22
Difference vs magnesium citrate 0.5(-0.2; 1.1) 0.2 (-0.4; 0.8)
12-wk
Mean, mmol/24-h 58+28 53+23 5022
Difference vs magnesium citrate 0.2 (-0.4;0.9) 0.0 (-0.6; 0.6)
24-wk
Mean, mmol/24-h 59+28 53+27 48+23
Difference vs magnesium citrate 0.4 (-0.3; 1.0) 0.1 (-0.5; 0.8)
Urinary potassium
2-wk
Mean, mmol/24-h 97.3+28.1 93.2+246 87.3+25.0
Difference vs magnesium citrate 4.2 (-5.0; 13.4) 2.7 (-6.3; 11.6)
12-wk
Mean, mmol/24-h 98.0+£29.2 95.2+324 88.9+25.3
Difference vs magnesium citrate 4.7 (-4.5; 1.0) 3.1(-6.0; 12.2)
24-wk
Mean, mmol/24-h 955+ 27.6 949+314 90.2 +26.3
Difference vs magnesium citrate 0.3 (-9.6; 8.9) 1.6 (-7.5; 10.6)
Urinary sodium
2-wk
Mean, mmol/24-h 151.8 £ 55.7 154.3 £ 66.5 143.3+53.1
Difference vs magnesium citrate 6.9 (-11.8; 25.6) 2.0 (-16.6; 20.7)
12-wk
Mean, mmol/24-h 146.9 £51.2 159.8 £ 60.7 135.7 £ 45.6
Difference vs magnesium citrate 8.7 (-10.1; 27.6) 16.7 (-2.2; 35.7)
24-wk
Mean, mmol/24-h 153.0 £52.6 150.4 £57.4 141.7+45.5

Difference vs magnesium citrate

8.6 (-10.1; 27.4)

1.9 (-17.1; 20.8)

Urinary creatinine

2-wk
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Mean, 12.7+4.0 13.1+4.2 126 +£35

Difference vs magnesium citrate 0.1(-0.9; 1.1) 0.1(-0.8; 1.1)
12-wk
Mean, 129+ 3.7 13.3+£4.0 13.0£3.6
Difference vs magnesium citrate 0.1(-0.9; 1.0) 0.1(-0.9; 1.0 .
24-wk
Mean, 13.0+3.8 12.7+£3.3 126 +3.2
Difference vs magnesium citrate 0.6 (-0.3; 1.6) -0.1 (-1.1;0.9)

Values are mean + SD. Adjusted mean differences (90% CIs) were obtained from linear mixed-effect models with age, sex, baseline value of the
outcome of interest, time, intervention, and the interaction time x intervention as fixed effects.
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Table S8. Effects of magnesium oxide and magnesium sulfate (vs magnesium citrate) on body

composition.
Magnesium oxide Magnesium sulfate ~ Magnesium citrate
(n=46) (n=46) (n=46)
Weight
2-wk
Mean, kg 82.8+12.0 86.0+11.8 85.7+12.9
Difference vs magnesium 0.1(-0.4;0.7) -0.1 (-0.6; 0.5)
citrate
12-wk
Mean, kg 83.0+12.0 86.3+12.0 86.6 £12.1
Difference vs magnesium 0.3 (-0.3; 0.8) 0.4 (-0.2; 0.9)
citrate
24-wk
Mean, kg 82.6 +12.0 86.5+12.6 86.3+12.7
Difference vs magnesium 0.3(-0.2;0.9) 0.8 (0.2; 1.3)*
citrate
BMI
2-wk
Mean, kg/m? 275+2.1 28.3+2.8 28.6 £3.4
Difference vs magnesium 0.0(-0.1;0.2) -0.0 (-0.2;0.1)
citrate
12-wk
Mean, kg/m* 275+2.1 285+2.9 28.7+3.4
Difference vs magnesium 0.1(-0.1;0.3) 0.1(-0.1;0.3)
citrate
24-wk
Mean, kg/m* 275+2.1 28.6 +3.0 28.6+3.5
Difference vs magnesium 0.1(-0.1;0.3) 0.2 (0.1; 0.4)*
citrate
Waist circumference
2-wk
Mean, cm 94 + 10 96+ 9 96 + 10
Difference vs magnesium 1.0(-0.3; 2.2) 0.6 (-0.7; 1.9)

cCitrate
12-wk
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Mean, cm 93+9 97+9 97 £ 10
Difference vs magnesium -1.1(-2.4;0.2) 0.2(-1.1;1.5)
citrate
24-wk
Mean, cm 93+9 97 +£10 97 £ 10
Difference vs magnesium -2.0 (-3.2; -0.7)* 0.5(-0.8; 1.8)
citrate
Hip circumference
2-wk
Mean, cm 107 £6 107 £6 110+ 7
Difference vs magnesium 0.5 (-0.6; 1.6) -0.1(-1.2; 1.0)
citrate
12-wk
Mean, cm 107 +6 107 7 109 +7
Difference vs magnesium 0.8 (-0.3; 1.9) 0.5 (-0.6; 1.6)
citrate
24-wk
Mean, cm 105+ 6 107 7 109 +7
Difference vs magnesium -0.3(-1.4; 0.8) 0.3(-0.8; 1.4)
citrate
Total body fat
2-wk
Mean, % 34.6+6.1 35.9+8.3 36.8+8.1
Difference vs magnesium 0.5(-0.2; 1.2) 0.2 (-0.5; 1.0)
citrate
12-wk
Mean, % 34.6 £6.5 35.8+7.7 36.6+7.9
Difference vs magnesium 0.4 (-0.3; 1.1) 0.2 (-0.5; 0.9)
citrate
24-wk
Mean, % 34.9+6.3 35.9+7.7 36.4+7.7
Difference vs magnesium 0.3 (-0.4; 1.0) 0.3 (-0.4; 1.0)

citrate

Values are mean + SD. Adjusted mean differences (90% CIs) were obtained from linear mixed-effect models with age, sex,
baseline value of the outcome of interest, time, intervention, and the interaction time x intervention as fixed effects. * P < 0.05

(one-sided P values).
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Table S9. Energy and nutrient intakes after a 24-wk magnesium citrate, magnesium oxide or magnesium

sulfate treatment.

Magnesium oxide

Magnesium sulfate ~ Magnesium citrate

(n=46) (n=46) (n=46)

Energy,
Mean, kcal/day 1767 + 338 1732 £ 362 1706 + 406
Difference vs magnesium 38 (-70; 146) -8 (-118; 102)

citrate

Macronutrients

Carbohydrate
Mean, g/day 180 =45 182 + 40 172 +53
Difference vs magnesium 5 (-9; 18) 6 (-7;19)

citrate

Protein
Mean, g/day 77 +£17 73+ 16 75+ 16
Difference vs magnesium 2(-3;7) -2 (-7; 3)

citrate

Total fat
Mean, g/day 70+ 17 68 =21 7021
Difference vs magnesium -0 (-7; 6) -3 (-10; 3)

citrate

Saturated FA
Mean, g/day 277 269 269
Difference vs magnesium -1(-3;2) -1 (-4; 2)

citrate

Monounsaturated FA
Mean, g/day 237 22+8 23+8
Difference vs magnesium 0(-3;3) -1(-4; 1)

citrate

Polyunsaturated FA
Mean, g/day 14+6 13+6 135
Difference vs magnesium 0(-1;2) -0(-2; 1)

citrate

Alcohol
Mean, g/day 9+10 8+ 17 6+8
Difference vs magnesium 1(-2;3) 0(-3;3)

Citrate
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Dietary fiber

Mean, g/day 206 19+4 19+5
Difference vs magnesium 0(-1;2) 1(-1;,2)

citrate

Cholesterol
Mean, g/day 215+ 85 207 £ 104 218 £ 83
Difference vs magnesium -3 (-33; 26) -14 (-44; 16)

citrate

Micronutrients

Magnesium
Mean, mg/day 327 +94 311+92 306 * 66
Difference vs magnesium -6 (-29; 17) -1 (-24; 21)

citrate

Sodium
Mean, mg/day 2028 + 627 2102 + 691 2030 + 648
Difference vs magnesium -35 (-239; 170) -20 (-229; 190)

citrate

Calcium
Mean, mg/day 947 £ 342 909 + 384 900 £ 271
Difference vs magnesium -36 (-129; 56) 15 (-77; 108)

citrate

Potassium
Mean, mg/day 3130 £ 753 3000 £ 700 3040 + 736

Difference vs magnesium
citrate

-65 (-256; 125)

-56 (-245; 133)

Values are mean + SD. Adjusted mean differences (90% CIs) were obtained from linear mixed-effect models with age, sex,

baseline value of the outcome of interest, time, intervention, and the interaction time x intervention as fixed effects.



€202 ‘0 {unC uo /(q Bios feuino _@L|E'//Id11L| wioJj papeo jumoq

Figure S1. Treatment effects of magnesium citrate, magnesium oxide and magnesium sulfate supplementation (vs placebo) on .PWV by subgroups of
age, BMI, waist circumference, and .PWV in the intention-to-treat population using clinical relevant cut-off points. Longitudinal effects of magnesium
supplementation on .{PWV were quantified with linear mixed-effect models specifying intervention and the baseline value of .PWV as fixed effects. ctPWV;
carotid-to-femoral pulse wave velocity, BMI; body mass index.



Subgroup Comparison Magnesium Placebo Adjusted mean P-interaction
Age (n) (n) difference (95% Cl)
< 60y Mg-citrate 9 6 0.8 (-0.2; 1.9) 0.626
Mg-oxide 13 6 1.1 (0.1; 2.0)* 0.353
Mg-sulfate 19 6 0.2 (-0.8; 1.1) 0.685
>= 60y Mg-citrate 34 19 -0.2 (-1.0; 0.6) ——
Mg-oxide 33 19 -0.3 (-1.1; 0.5) —e—
Mg-sulfate 25 19 -0.2 (-1.0; 0.7) —e—
BMI
< 30 kg/m2 Mg-citrate 29 21 0.1 (-0.6; 0.8) 0.389
Mg-oxide 42 21 0.1 (-0.6; 0.8) 0.918
Mg-sulfate 34 21 -0.4 (-1.1; 0.3) —— 0.112
>= 30 kg/m2 Mg-citrate 14 4 -0.4 (-2.1; 1.2) ——
Mg-oxide 4 4 -0.5 (-2.5; 1.6) —————
Mg-sulfate 10 4 -0.0 (-1.7; 1.7) ——
Waist circumference | _
Male: < 102 cm, Female: < 88 cm Mg-citrate 13 10 -0.2 (-1.3; 1.0) —— 0.448
Mg-oxide 24 10 -0.1 (-1.1; 0.9) —— 0.554
Mg-sulfate 15 10 -1.0 (-2.1; 0.1) —— 0.049
dale: >= 102 cm, Female: >= 88 cm  Mg-citrate 30 15 0.1 (-0.7; 0.9)
5 Mg-oxide 22 15 0.0 (-0.8; 0.9)
g Mg-sulfate 29 15 0.0 (-0.8; 0.8)
Pwv
% 10.0 m/s Mg-citrate 28 22 0.5(-0.2; 1.1) 0.005
) Mg-oxide 41 22 0.2 (-0.4;0.9) 0.002
5 Mg-sulfate BT 22 0.1 (-0.5; 0.7) 0.003
2=10.0 m/s Mg-citrate 15 3 -2.8 (-4.8; -0.9)* ———
5 Mg-oxide 5 3 -1.8 (-4.0; 0.4) - .
o Mg-sulfate 7 3 -34 (-5.5;-1.3)"* «—a——
Jotal
S Mg-citrate 43 25 -0.0 (-0.7; 0.6)
£ Mg-oxide 46 25 -0.0 (-0.6; 0.6)
2 Mg-sulfate 44 25 -0.3 (-1.0; 0.3) —e

[ N

5-4-3-2-1012 3 45
Adjusted mean difference (95% Cl)



