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ABSTRACT

Objective The detailed associations between type 2
diabetes (T2D) and total stroke and magnesium intake as
well as the dose—response trend should be updated in a
timely manner.

Design Systematic review and meta-analyses.

Data sources PubMed, Embase, Cochrane Library, Web
of Science and ClinicalTrials.gov were rigorously searched
from inception to 15 March 2019.

Eligibility criteria Prospective cohort studies
investigating these two diseases were included.

Data synthesis Relative risk (RR) and 95% Cl in random
effects models as well as absolute risk (AR) were pooled to
calculate the risk of T2D and stroke. Methodological quality
was assessed by the Newcastle-Ottawa Scale.

Results Forty-one studies involving 53 cohorts were
included. The magnitude of the risk was significantly
reduced by 22% for T2D (RR 0.78 (95% Cl 0.75 to 0.81);
p<0.001; AR reduction 0.120%), 11% for total stroke

(RR 0.89 (95% Cl 0.83 to 0.94); p<0.001; AR reduction
0.281%) and 12% for ischaemic stroke (RR 0.88 (95%

Cl 0.81 to 0.95); p=0.001; AR reduction 0.246%) when
comparing the highest magnesium intake to the lowest.
The inverse association still existed when studies on T2D
were adjusted for cereal fibre (RR 0.79; p<0.001) and
those on total stroke were adjusted for calcium (RR 0.89;
p=0.040). Subgroup analyses suggested that the risk for
total and ischaemic stroke was significantly decreased in
females, participants with >25 mg/m? body mass index
and those with >12-year follow-up; the reduced risk in
Asians was not as notable as that in North American and
European populations.

Conclusions Magnesium intake has significantly
inverse associations with T2D and total stroke in a dose-
dependent manner. Feasible magnesium-rich dietary
patterns may be highly beneficial for specific populations
and could be highlighted in the primary T2D and total
stroke prevention strategies disseminated to the public.
PROSPERO registration number CRD42018092690.

INTRODUCTION

Diabetes is a global burden with an
alarming increasing rate throughout the
world."! * Stroke is an independent disorder
and a typical macrovascular complication

Strengths and limitations of this study

» In this study, we performed an updated comprehen-
sive quantitative analysis focusing on the dietary
effect of magnesium intake.

» The study identified an inverse association between
magnesium intake and T2D and stroke.

» A quite number of prospective cohort studies were
employed to guarantee the robust evidence.

» Limitation of study was non-inclusion of randomised
controlled trails to prove the causality.

» Cases ascertainments are limited by food frequency
questionnaires or self-reports.

of type 2 diabetes (T2D), and it is regarded
as the second leading cause of death after
ischaemic heart disease.” * These pandemic
health problems necessitate better primary
prevention strategies.

Magnesium, a common cellular ion, acts as
a critical cofactor for hundreds of enzymes
involved in glucose metabolism, protein
production and nucleic acid synthesis.”® Low
levels of magnesium have been associated
with many chronic and inflammatory diseases,
such as Alzheimer’s disease, asthma, atten-
tion deficit hyperactivity disorder, insulin
resistance, T2D, hypertension, cardiovascular
disease (CVD; eg, stroke), migraine head-
aches, osteoporosis and cancer.' 7

Notably, many adults in developed coun-
tries do not consume the recommended
daily amount of magnesium-rich foods such
as whole grains, nuts and green leafy vege-
tables, and magnesium is less mentioned in
dietary guidelines and in studies on T2D or
stroke prevention.” ' Thus, we chose T2D
and stroke as our outcome of interest (CVD
was not evaluated because there is already a
wealth of research relating to CVD, and the
definitions of CVD vary greatly among studies,
which would increase the heterogeneity in
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the pooled process and impair our interpretation of the
final conclusions). Emerging studies'™' on this topic
are limited, and the results remain mixed. For example,
most studies have indicated that magnesium intake has
an inverse association with T2D or total stroke incidence;
however, several others have revealed that there is an
inverse trend but not a significant association, which is
possibly due to limitations related to small sample sizes
and differences in the intervention duration, study
design and participant characteristics. Moreover, consec-
utive meta-analyses™ > have used less rigorous inclusion;
the results were not comprehensive, and they did not
completely address the influence of other confounders
(ie, body mass index (BMI), cereal fibre, calcium, potas-
sium) on the relationship. Accordingly, we performed a
meta-analysis to (1) establish a comprehensive estimate
and update the epidemiological evidence for clinical
practice; (2) discuss the results of stroke subtype and the
impact of several statistical and epidemiology confounders
on the investigated association; and (3) highlight the
details of the dose-response pattern observed among the
participants analysed in the studies.

METHODS

This study was reported according to the Preferred
Reporting Items for Systematic Reviews and Meta-Analyses
guidelines (online supplementary table S1) and the Meta-
analysis of Observational Studies in Epidemiology Guide-
lines Checklist (online supplementary table S2).

Search strategy

PubMed, Embase, Cochrane Library, Web of Science and
ClinicalTrials.gov were systematically reviewed through
inception to 15 March 2019, for studies on magnesium
intake and T2D or stroke without language restrictions.
The following key words were used: “Magnesium”, “Iype
2 Diabetes Mellitus”, “Type 2 Diabetes”, “Stroke”, “Cere-
brovascular Stroke”, “Cohort Studies” and “Prospec-
tive Studies”. We also manually searched the reference
lists of the retrieved literature (including meta-analyses
and brief reports), bibliographies and grey literature
(including presentations and unpublished literature) for
further eligible articles. The search strategy can be found
in online supplementary table S3.

Selection criteria

(1) Eligible populations must be composed of individuals
with plausible dietary/energy intake who had no history
of diabetes and/or insulin treatment for T2D analysis and
no current stroke for stroke analysis. (2) Their apparent
life expectancy was long enough for proper follow-up.
(3) We included only prospective cohort studies that
reported magnesium intake and T2D and/or various
types of stroke. (4) The follow-up duration of eligible
studies was at least 1year if they provided follow-up data.
Notably, magnesium intake consisted of both dietary

magnesium intake and total magnesium intake (dietary
and supplementary magnesium).

Only studies containing the most comprehensive infor-
mation on the population or endpoints were included
to avoid duplication. We excluded reviews, basic science
studies, meta-analyses, studies on gestational diabetes
mellitus and studies that focused only on magnesium
supplementation.

Data extraction and quality assessments

Two researchers independently extracted the following
information: the first author, publication year, period
of cohort studies, duration of persistent exposure, basic
characteristics of the enrolled participants (weight, age,
region, BMI, drinking and smoking habits (previous
plus current), etc), median magnesium intake for each
quantile (tertile, quartile, or quintile), diabetes and total
stroke cases, subtypes of total stroke, dietary and case
assessments, adjusted confounding covariates. Impor-
tantly, total stroke is classified as clinical ischaemic stroke
(87%), haemorrhagic stroke (13%) and undetermined
stroke.” Haemorrhagic stroke is classified as subarach-
noid haemorrhage and intracerebral haemorrhage
according to anatomical site or presumed aetiology.”
In cases of continuing disagreement, a final decision
was reached after discussion with a third member of the
panel.

Methodological quality was described by the Newcastle-
Ottawa Scale (NOS), which was validated for assessment
of the quality of non-randomised controlled trials (RCTs)
in meta-analyses.”® For the 0-10 scale, each study was
categorised as low (0-5), medium (6-7) or high (8-10)
quality.

Statistical analysis

Articles providing data separately for men and women
or black and white or different types of disease within an
article were treated as independent studies. Multivariate
relative risk (RR) and corresponding 95% CI as well as
absolute risk (AR) for measuring the quantitative associ-
ations between exposure and T2D, total stroke and other
wanted outcomes, particularly for the highest versus the
lowest categories of magnesium intake, were estimated by
the DerSimonian-Laird random effects model because
the assumptions involved account for the presence of
within-study and between-study variability. Statistical
heterogeneity was determined with the Cochran Q y” test
and the I>. An I’ >50% or a p value for the Q test <0.1
was considered to indicate significant heterogeneity.57
We performed sensitivity analyses to test the robustness
and postsubgroup analyses to detect the source of hetero-
geneity. In addition, a random effects meta-regression
analysis on BMI, sex, participant region and dietary assess-
ments with RR for each trial was performed to obtain an
understanding of the reasons for heterogeneity. RR and
95% CI might begin to significantly change as publication
years increased in T2D and total stroke, which would be
validated by cumulative meta-analyses.
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The dose-response analyses for all outcomes were
proposed by Greenland and Longnecker™ and Orsini et
al®. The categories of magnesium intake, distributions
of cases and person year, RR and 95 CI were extracted. If
the number of cases and/or person years was not avail-
able, variance-weighted least squares regression was used
to pool the risk estimate. For most studies, the median
intake for each quantile (tertile, quartile or quintile)
of magnesium intake was assigned as the representative
dose. For continuous intake, which was reported as cate-
gorical data (range) in some studies, we assigned the
midpoint category of the lower and upper bounds to the
RR in these studies; when the highest category was open
ended, we assumed the length of the open-ended interval
to be 1.5 times the adjacent interval; when the lowest
category was open, we assigned the adjacent interval of
the category to be 1.5 times the length of the open-ended
interval. We employed generalised least squares regres-
sion models to calculate study-specific RR estimates per
50mg/day, 100mg/day and 150mg/day magnesium
intake increment if there was evidence of a linear rela-
tionship. Nonlinear relationships between magnesium
intake and all outcomes were evaluated using restricted
cubic splines with four knots located at the 5th, 35th, 65th
and 95th percentiles of the distribution. The p value for
curve linearity or nonlinearity was calculated by testing
the null hypothesis that the coefficient of the second
spline is equal to zero. All results were presented using
two-stage dose-response model plots (including linear
and nonlinear relationships). Some results were demon-
strated as forest plots for intake increments of <50mg/
day, 250and<100mg/day, =100and <150mg/day, and
=150 mg/day.

Publication bias was assessed graphically by Begg’s
adjusted rank correlation funnel plots” and Egger’s linear
regression tests.’" All analyses were performed using Stata
V.14.0 (StataCorp); two-sided p<0.05 was considered
statistically significant except where otherwise specified.

Patient and public involvement

No patients were involved in developing the research
question or the outcome measures, and no patients were
involved in planning the design or implementation of the
study. Furthermore, no patients were asked to advise on
the interpretation or write-up of the results. Since this
study used aggregated data from previous publications,
it is not easy to disseminate the results of the research to
study participants directly.

RESULTS

Study characteristics and quality assessment

Of the 8713 studies, 107 studies were considered for eligi-
bility after screening the titles and abstracts (figure 1).
A total of 41! prospective cohort studies comprising
53 cohorts, 1 912 634 participants and 76 678 cases were
eligible for inclusion in the systematic review and meta-
analysis (online supplementary table S4). Hodge et al'®

recorded only 500 mg/day increments of magnesium for
further pooled analyses; two studies™ *' failed to clearly
distinguish the diabetes type, but the vast majority of
cases had T2D. We computed the subtype data in three
studies'® 27 % after the extraction of total stroke, and we
regarded ischaemic stroke in three other studies® * **
as total stroke given that ischaemic stroke accounted for
nearly 87% of total stroke. Participants were predomi-
nately middle aged at baseline, with a mean magne-
sium intake of 370 mg/day for the highest category and
232mg/day for the lowest category. The mean duration
of all eligible studies was 10.7 years. Nineteen studies
were conducted in North America (America); b studies
were conducted in Europe (Sweden, the Netherlands
and Britain); 13 studies were conducted in Asia (China
and Japan and Taipei); and 4 studies enrolled individ-
uals in multiple nations. Most of the included studies
used food frequency questionnaires (FFQs) or semi-
quantitative FFQs to assess individual dietary intake.
Eighteen studies used dietary magnesium intake, and 21
studies recorded total magnesium intake (dietary and
supplementary magnesium intake). Of note, supple-
mentary magnesium intake was assessed by the use of
magnesium or multivitamin supplements; neverthe-
less, dietary magnesium accounted for the majority of
magnesium intake. Adjusted confounders were mostly
similar; however, adjusted dietary confounders such as
cereal fibre, potassium and calcium still varied across
individual studies. It was unclear whether the included
studies had adjusted for sodium because they did not
provide this information. All the studies were written in
English.

After the quality assessments of the studies according to
NOS, the average score was 8.85 (online supplementary
table S5), and all studies were of high quality (NOS scores
8-10).

Magnesium intake and T2D incidence

Thirty-five cohorts from 26 publica-
tions!! 1215 20 22-26 20 8135 3739 4143 4399 51 (1 919 636 partici-
pants and 56 540 T2D cases) reported that the magnitude
of T2D risk was reduced by 22% (RR 0.78 (95% CI 0.75
to 0.81); p<0.001; AR reduction 0.120%), comparing
the highest category of magnesium intake to the lowest,
with little evidence of heterogeneity (=35.6%; p=0.021).
The dose category-specific analysis suggested that for
the <60 mg/day magnesium increment, the risk of T2D
was reduced by 10% (RR 0.90 (95% CI 0.88 to 0.93);
p<0.001); for the =50and<100mg/day increments, the
risk was decreased by 16% (RR 0.84 (95% CI 0.82 to
0.87); p<0.001); for 2100and<150mg/day increments,
the risk was reduced by 22% (RR 0.78 (95% CI 0.74 to
0.83); p<0.001); and for the 2150 mg/day increment, the
risk was reduced by 21% (RR 0.79 (95% CI 0.74 to 0.84);
p<0.001; figure 2). Little evidence of publication bias
was found (Egger’s test: p=0.088; online supplementary
figure S1A).
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8542 Records identified through database
searching
PubMed (n=2715)
EMBASE (n=2094)
Cochrane Library (n=935)
Web of Science (n=2364)
ClinicalTrials. Gov (n=434)

171 Records from reference lists and other

available literature

l

8223 Records after 490 duplicates records removed

A 4

8223 Records firstly screened through titles and

8116 Records excluded for initial screening
7425 No corresponding topics
412 Trace elements other than magnesium

176 Association between magnesium and other

abstracts

A 4

107 Records considered eligible and screened in

> outcomes

13 Meta-analyses

31 Reviews

44 Case reports or basic researches

15 No identification for diabetes type

66 Excluded
30 No outcome of final interest
7 No prospective cohort studies

15 Retrospective studies

full-text review

A 4

41 Studies were eligible and included in quantitative

synthesis (meta-analysis)

Figure 1

Magnesium intake and stroke incidence

Eighteen cohorts from 15 publica-
tions!? 1421 27283036 3340 42444750 (599 908 participants and
20 138 total stroke cases) reported that the magnitude
of the risk of total stroke was decreased by 11% (RR 0.89
(95% CI 0.83 to 0.94); p<0.001; AR reduction 0.281%),
comparing the highest category of magnesium intake
with the lowest, with no heterogeneity (F=0%; p=0.529).
The dose category-specific analysis revealed no signifi-
cant association with the <50mg/day, 250 and<100mg/
day increments or the 2100 and<150 mg/day increments.
For the 2150 mg/day increment, the risk of total stroke
was decreased by 15% (RR 0.85 (95% CI 0.79 to 0.91);
p<0.001; online supplementary figure S2). Publication
bias was evaluated for stroke subtypes.

Fifteen cohortsfrom 12publications' 2! 27283036384042454650
reported ischaemic stroke. The magnitude of the risk of
ischaemic stroke was reduced by 12% (RR 0.88 (95% CI
0.81 to 0.95); p=0.001; AR reduction 0.246%) with no
significant heterogeneity (#=16.9%; p=0.265). The dose

> 1 Nested case-control study

9 No dietary/total magnesium intake
1 Insulin concentration outcome

2 Neurologic events outcome

1 Metabolic syndrome outcome

Flow chart for the literature search and screening process.

category-specific analysis identified no significant asso-
ciation with the <50mg/day, =560and<100mg/day, or
>100and<150mg/day increments. A decreasing trend
existed but remained non-significant. The original risk
was reduced by 16% in the analysis of the 2150mg/
day increment (RR 0.84 (95% CI 0.78 to 0.91); p<0.001;
online supplementary figure S3). No publication bias
was observed in terms of ischaemic stroke (Egger’s test:
p=0.937; online supplementary figure S1B).

Ten cohorts from eight studies'* 2! 73038 4650 oo ried
that haemorrhagic stroke was not significantly associated
with magnesium intake (RR 0.93 (95% CI 0.82 to 1.06);
p=0.282). The dose category-specific analysis identified
no significant association (online supplementary figure
S4). No significant heterogeneity or publication bias was
observed in terms of haemorrhagic stroke (Egger’s test:
p=0.809; online supplementary figure S1C).

Three publications involving three cohorts
showed that high magnesium intake had no significant
effect on reducing the risk of subarachnoid haemorrhage

14 27 36
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Figure 2 Forest plots for the risk of type 2 diabetes (T2D) for (A) magnesium intake and for (B) <50mg/day, (C) >50and
<100 mg/day, (D) >100and <150mg/day and (E) >150 mg/day increments (E).
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(RR 0.99 (95% CI 0.71 to 1.39); p=0.963). The dose
category-specific analysis revealed no significant associa-
tion (online supplementary figure S5).

With respect to intracerebral haemorrhage, the pooled
results from three cohorts'* # * in three publications
revealed no significant advantages of intracerebral haem-
orrhage (RR 0.92 (95% CI 0.71 to 1.20); p=0.540). The
dose category-specific analysis revealed no significant
association (online supplementary figure S6).

Meta-regression and cumulative meta-analysis

According to the meta-regression results, there was no
evidence of BMI, sex, participant region or dietary assess-
ment for each individual trial bias in terms of T2D (online
supplementary figure S7), total stroke (online supple-
mentary figure S8), ischaemic stroke (online supplemen-
tary figure S9) and haemorrhagic stroke events (online
supplementary figure S10). The male subgroup (p=0.041)
in the sex category might lead to slight heterogeneity in
terms of total stroke; however, sex (p=0.112) showed no
association with total stroke incidence.

Analyses of T2D (online supplementary figure S11),
total stroke (online supplementary figure S12) and isch-
aemic stroke demonstrated that the RRs of the final results
became robust within a narrow range and remained
significant as publication years increased and more recent
high-quality studies were included. After inclusion of the
Iso et al'* study, the RR and 95% CI for ischaemic stroke
decreased to less than 1 and then became stable (online
supplementary figure S13). Although there was no
significant reduction in the risk of haemorrhagic stroke,
evidence clearly showed that the CI was becoming narrow,
which trended towards significance (online supplemen-
tary figure S14). Thus, the risk for haemorrhagic stroke
might be reduced; additional studies are warranted.

Sensitivity analysis

When three*™ studies were excluded from the T2D
analysis, the summary RR changed from 0.78 (95% CI
0.75 to 0.81) to 0.78 (95%CI 0.75 to 0.82), with the
heterogeneity declining from (F=35.6%; p=0.021)
to (F=24.0%; p=0.112). Among T2D analyses, eight
studies'? 22 2093 394899 5 qjusted for cereal fibre intake
yielded an RR of 0.79 (95% CI 0.73 to 0.85; p<0.001), and
two studies'”* adjusted for calcium yielded an RR of 0.87
(95% CI 0.73 to 1.04; p=0.128). Among the total stroke
analysis, the summary RR was 0.92 (95% CI 0.82 to 1.02;
p=0.097) in five studies" **° " adjusted for potassium
intake and was 0.89 (95% CI 0.80 to 0.99; p=0.040) in five
studies' " % adjusted for calcium. Only one study'
adjusted for potassium intake in T2D, and one study™
adjusted for cereal fibre in total stroke.

Subgroup analysis

Stratified analyses by characteristics of the population
and study design were conducted on T2D (table 1),
total stroke, ischaemic stroke and haemorrhagic stroke
(table 2). The inverse association with T2D remained

robust across all subgroups with little evidence of hetero-
geneity. For stroke incidence, a decreased risk of total
stroke and ischaemic stroke was found in female partici-
pants (RR 0.91 (95% CI 0.83 to 0.99) for total stroke; 0.89
(95% CI 0.79 to 1.00) for ischaemic stroke) and individ-
uals with >25 kg/rn2 mean BMI (RR 0.89 (95% CI 0.82 to
0.96) for total stroke; 0.88 (95% CI 0.81 to 0.96) for isch-
aemic stroke). When restricted to a=12-year follow-up,
the risk of total stroke and ischaemic stroke was signifi-
cantly reduced (RR 0.89 (95% CI 0.83 to 0.95) for total
stroke; 0.88 (95% CI 0.81 to 0.95) for ischaemic stroke).
These risks were more reduced in North American and
European individuals than in Asians. Cardiovascular
events (CV events, coronary heart disease, heart failure,
atrial fibrillation, self-reported heart disease, etc, other
than stroke), hypercholesterolaemia and diabetes would
blunt the effect of magnesium on total and ischaemic
stroke. However, magnesium intake could still, or at least,
demonstrate the trend to decrease total and ischaemic
stroke in individuals even with those risk factors. Similarly,
CV events, hypercholesterolaemia and family diabetes
history had no substantial impact on the inverse associa-
tion between T2D incidence and magnesium intake. We
did not find a significantly reduced risk of haemorrhagic
stroke in the subgroup analyses.

Dose-response analysis
In this part, both linear and nonlinear relationships were
found in T2D (figure 3A), in total stroke (figure 3B) and
in ischaemic stroke (figure 3C). However, no linear or
nonlinear dose-response relationship was observed in
haemorrhagic stroke (figure 3D) along with the subtypes
including subarachnoid haemorrhage and intracerebral
haemorrhage (online supplementary figure S15).
Specifically, we calculated the RR for the magnesium
increments if a linear relationship was found. The calcu-
lated RR was 0.94 (95% CI 0.93 to 0.95) for the 100mg/
day increment for T2D. For total stroke, the summary RR
was 0.98 (95% CI 0.97 to 0.99) related to a 100 mg/day
incrementin magnesium intake, and the RR for ischaemic
stroke was 0.98 (95% CI 0.97 to 0.99) related to a 100 mg/
day increment in magnesium intake. There was no RR
cut-off point at which the decreasing trend reversed, but
the RR decreased slightly rapidly with any slight decreases
at approximately 260 mg/day for T2D and 350 mg/day
for total/ischaemic stroke. However, there was substan-
tial uncertainty in the lower range of this distribution
(figure 3A-C).

DISCUSSION

Main findings

This paper used a general and up-to-date search strategy
to identify additional studies that were missed in prior
meta-analyses under real-world conditions. Our results
support a significant inverse association between magne-
sium consumption and T2D, total stroke and ischaemic
stroke at the highest level versus the lowest. No significant
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|I

T2D
Group No of studies RR (95% Cl)

P P (%) P,

ES heterogeneit interaction

o

Participants region 26 0.905

Europe 0 NA NA NA NA

Multiple nations 4 0.79 (0.71 t0 0.88) <0.001 0.048 58.3

Male 9 0.81 (0.76 to 0.87) <0.001 0.337 11.7

Botht 8 0.70 (0.57 to 0.85) <0.001 0.067 45.3

=25 12 0.75 (0.69 to 0.81) <0.001 0.135 31

Unknown 3 0.81 (0.76 to 0.86) <0.001 0.586 0

>10 12 0.80 (0.76 to 0.84) <0.001 0.047 38.8

Dietary assessment 26 0.281

SFFQ/validated SFFQ 9 0.79 (0.74 t0 0.84) <0.001 0.017 52.5

Magnesium intake typet 28 0.335

Dietary magnesium intake 13 0.77 (0.72 t0 0.82) <0.001 0.166 25.0

Yes 17 0.79 (0.74 to 0.84) <0.001 0.027 40.4 0.396

Difference between top and 27
bottom intake (mg/day)q|

<140 14 0.77 (0.72 t0 0.82) <0.001 0.209 21.0

Yes 13 0.79 (0.74t0 0.83)  <0.001 0.049 37.9
~ Unknown 18 077(0711008) <0001 0082 81
Hypercholesterolaemia 26 0.625
statustt
SYes 5 0790730085 <0001 0021 575
Unknown 21 0.77 (0.73t0 0.82)  <0.001 0.096 27.3
Family diabeteshistory 26 ot
Yes 17 0.76 (0.72t0 0.80)  <0.001 0.021 41.8
_Unknown 8 08107610087 <0001 02% 143
Continued
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Table 1 Continued

T2D

Group

No of studies RR (95% Cl)

P P P(%) P

ES heterogeneity interaction

*Male and female of T2D outcome were treated as independent cohorts within eight studies.

TMale and female participants were in independent cohorts.

FTwo studies reported total magnesium and dietary magnesium intake outcome.

§Total magnesium intake (mg/day) included the total amount of magnesium from both food (diet) and supplement.

fISubtract the lowest category intake from the highest. Oba el al (M) was in <140 group, while Oba el al (F) was in >140 group.

**Grouped by whether participants with or without cardiovascular events (CV events). CV events in this part include coronary heart disease,

heart failure, stroke, atrial fibrillation and self-reported heart disease.

TtGrouped by whether participants with or without hypercholesterolaemia. Hypercholesterolaemia in this part means cholesterol

concentration >240mg/dL.

BMI, body mass index; ES, effect size; FFQ, food frequency questionnaire; NA, not available; RR, relative risk; SFFQ, semiquantitative food

frequent questionnaire.

association for haemorrhagic stroke, subarachnoid haem-
orrhage or intracerebral haemorrhage was detected.
Female participants with obesity (mean BMI=25kg/ m?)
with a longer follow-up period (=12years) might obtain
greater benefit from magnesium intake with a lower risk
of total and ischaemic stroke incidence. In subgroup anal-
yses, the RR of stroke risk was highly decreased among
North American and European individuals. Signifi-
cant risk was reduced by 6%, 2% and 2% for T2D, total
stroke and ischaemic stroke, respectively, per 100 mg/day
increment in magnesium intake level. Overall, our study
supports the guidelines to address the role of magne-
sium intake in early prevention strategies to combat T2D
and stroke. However, additional RCTs are needed in the
future to validate the causality.

Clinical implications

Dietary nutrients are popular topics for current clinical
medicine; folic acid, vitamin D and ®w-3 fatty acids have
been specifically recommended to pregnant women,
infants and children, and the elderly.”” ® However, magne-
sium has been less extensively discussed. This is a note-
worthy study for the following reasons. First, the current
study reinforces the possible role of magnesium in the
prevention and management of two chronic illnesses and
invites new considerations regarding the potential avoid-
ance of other chronic diseases through dietary strategies.
Second, this comprehensive study including nearly two
million individuals and possessing abundant statistical
power provides confirmatory evidence for medical prac-
titioners, health educators and policy-makers. Third, to
date, no related paper has discussed such detailed strat-
ified analyses; thus, this work helps physicians amplify
dietary benefits through individualised strategies. Inter-
estingly, North American and European participants
seemed to receive more benefits from magnesium intake
than Asians. Fourth, to the best of our knowledge, this
is the first study in which a cumulative meta-analysis was
performed to predict changes in the tendency of main
risk estimates. Based on past and current cutting edge
evidence about nutrition and T2D prevention, the US
Diabetes Prevention Program conducted a study and
demonstrated that proper lifestyle modification (exercise

and Mediterranean diet) significantly reduced T2D risk
irrespective of population baselines, and this benefit was
enhanced with increased follow-up.”* The UK National
Health Service will launch an intervention programme
including weight loss, nutrition, monitoring and peer
support targeting up to 10 000 people prone to develop
T2D.%

The 2018 American Diabetes Association guidelines®
recommend that the intake of nuts, berries, yoghurt,
coffee and tea be increased in individuals who are at high
risk of diabetes. The latest guidelines by the American
Heart Association/American Stroke Association’ also
validate the considerable status of early management
of stroke (ischaemic stroke). In fact, magnesium is a
cofactor in enzyme systems that regulate diverse biomed-
ical reactions, including protein synthesis, muscle and
nerve transmission, neuromuscular conduction, signal
transduction blood glucose control and blood pressure
(BP) management.”” Magnesium also plays a role in
transporting calcium and potassium ions across the cell
membrane and is crucial for the structural function of
proteins, nucleic acids or mitochondria.®® In diabetes,
magnesium is involved in glucose and insulin metab-
olism by regulating the tyrosine kinase activity of the
insulin receptor. Magnesium also influences phosphor-
ylase B kinase activity by releasing glucose-1-phosphate
from glycogen and regulates glucose translocation into
the cell.” In stroke, higher magnesium levels lead to the
deregulation of glutamate and calcium cation influx by
reducing N-Methyl-D-aspartic acid (NMDA) receptor
activity and blocking voltage-gated calcium channels,
eliminating calcium cation cytotoxicity. Additionally, the
vasodilatory effects of magnesium may benefit patients
who had ischaemic stroke.”” Indeed, a poor outcome of
haemorrhagic stroke was observed in an RCT; however,
high serum magnesium might be better for the prognosis
of intracerebral haemorrhage.”

Most specific nutrients, especially macronutrients, are
correlated with total energy intake. In the included free-
living human studies, the variation in total energy intake
originated from differences in physical activity levels, body
size and energy efficiency.” Thus, total energy intake can
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Figure 3 Two-stage dose-response effect on the relationships between magnesium intake and (A) type 2 diabetes (T2D), (B)
total stroke, (C) ischaemic stroke and (D) haemorrhagic stroke. RR, relative risk.

weaken the investigated association with considerable
nutrient intake if this covariable is not properly removed.
Epidemiologists should assess the reproducibility and
validity of energy-adjusted nutrients as well as absolute
nutrient intake. For micronutrients such as magnesium,
an inverse association with T2D, total stroke and isch-
aemic stroke outcomes could be still found after total
energy intake adjustment. In terms of other nutrients,
potassium intake is proposed to lower BP and improve
vascular outcomes (including stroke); dietary potassium
may also be influential in glucose control and limiting the
risk of diabetes.” Vitamin D and calcium may negatively
influence glycaemia, but evidence is limited and mostly
based on cross-sectional observational studies.”* Calcium
may be inversely associated with stroke in populations
with low-to-moderate calcium intakes, but no significant
association was found between calcium and CVD.”™ Alto-
gether, the results indicate that magnesium-rich food
such as nuts (151-567mg/100g edibles), fruits (132-
448 mg/100g edibles), vegetables (132-1257mg/100g
edibles), legumes (138-243 mg/100g edibles), fish (143-
303mg/100g edibles) and total grain (134-306 mg/100g
edibles) should be recommended to populations with
insufficient magnesium intake.

Comparisons with other similar studies

This analysis has several differences from previous studies.
Dong et al* found that magnesium intake had an inverse
association with T2D incidence (RR 0.78 (95% CI 0.73 to
0.84)), and with an intake of 100 mg/day magnesium, the
risk was reduced by 14%. However, they failed to include
adequate studies, and standard quality assessments of
eligible studies were absent. Individuals from multiple
nations were included in some studies'® ** ** ** but were
incorrectly assigned to Asia or the USA in the subgroups;
other minor issues also existed in the selection criteria,
making it unclear whether they excluded participants with
subclinical diabetes. BMI was not a potential modifier for
T2D in our study due to the inclusion of more evidence
with a longer follow-up period. Fang et al’® revealed that
dietary magnesium was significantly associated with a
reduced risk of T2D (RR 0.74 (95% CI 0.69 to 0.80)) and
stroke (RR 0.88 (95% CI 0.82 to 0.95)). The results were
comparable, but they focused only on dietary magnesium
intake rather than overall magnesium intake (total or
dietary), and subtypes of total stroke were missing. To the
best of our knowledge, BMI, follow-up, family diabetes
history, and so on, are crucial confounders for evaluating
the association, and these factors were not addressed
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in their study. Moreover, other researchers have better
investigated the likelihood of a linear association in the
dose-response pattern (using methods by Greenland
and Orsini et al). For example, Fang et al’’ found that
the 100mg/day intake of dietary magnesium was associ-
ated with an 8%-13% reduction in T2D risk, and while
a nonlinear relationship did not exist, a minor publica-
tion bias was present. Twenty-five studies were eligible;
however, some of them focused not on dietary intake but
rather on total magnesium intake. Moreover, there were
two included studies focusing on red meat intake instead
of magnesium intake. After excluding ineligible studies,
we found no evidence of publication bias. Additionally,
both linear and nonlinear relationships existed for T2D
because the RRs of the highest category of magnesium
intake versus the lowest in our pooled study were still
used. A study by Larsson et al” including seven studies
supported a modest but statistically significant inverse
association between dietary magnesium intake and stroke.
However, the sample size was quite small, and there was
no useful information on stroke subtypes (eg, ischaemic
stroke, haemorrhagic stroke) in the main analysis. In our
opinion, a well-designed subgroup analysis is compulsory,
and a pooled stroke result restricted by potassium and
calcium adjustment is recommended. The current study
found that magnesium intake was strongly inversely asso-
ciated with total stroke and ischaemic stroke, which still
existed in the dose-response pattern.

Directions for future research

Future studies are needed to address some remaining
questions. At first, no significant association was found
for haemorrhagic stroke; however, a beneficial trend was
observed in the cumulative meta-analysis, which high-
lights the need for more updated prospective studies
and RCTs. Second, there is a key question regarding the
optimal time to start prevention and methods to screen
severe complications. CV events occur in more than 50%
of patients with diabetes, and diabetic kidney disease
occurs in 20%—-40%. Additionally, CV events increase the
risk of death threefold to fourfold compared with patients
without such complications. A sustained period of inten-
sive glucose control early in T2D has been confirmed
to reduce complication rates.”® Most importantly, for
the public, educators and policy-makers, promoting
magnesium-rich food consumption can translate into
considerable benefit in preventing T2D and total stroke,
especially for high-risk populations.

Limitations

This work has several limitations that deserve further
discussion. First, this group-level meta-analysis is insuffi-
cient. Although strong inverse associations for T2D and
total stroke were reported, individual-level studies having
more detection power are required. Second, several
variations cannot be totally understood; for example,
we cannot exclude the possibility that other nutrients
and/or dietary components correlated with dietary

magnesium may have been responsible, either partially or
entirely, for the observed associations. Based on eligible
studies, we could not quantify the impact of supplemen-
tary magnesium (not combined with dietary intake) on
T2D and stroke incidence. The real effect of some dietary
supplements on T2D or CVD has proven very interesting
to a number of medical experts, clinicians and nutrition
educators. Third, FFQs/validated FFQs mostly used in
primary studies could not characterise all the nutrients,
which misclarified plausible associations. It was suggested
that magnesium-specific food questionnaires and/or
food records should be reasonably used for accurate
magnesium intake estimation. Finally, additional RCT are
needed, as observational studies might only reach one
conclusion (ie, magnesium intake is inversely associated
with T2D incidence) and cannot prove causality.

CONCLUSION

Magnesium intake has a substantial inverse association
with T2D and total stroke. Among these populations,
magnesium consumption can be recommended as an
optimisation for T2D, total stroke and ischaemic stroke
primary prevention or early management. In partic-
ular, the greater the magnesium intake, the greater the
reduction in risk. As patients, physicians, policy-makers
and legislators debate these issues, such a cost-effective
alternative is needed to inform policy decisions and aid in
reforming nutritional healthcare worldwide.
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