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Preface to ”Magnesium Intake and Human Health”

Magnesium is key for life. In our body, magnesium is an essential and abundant component

of all tissues. The biochemistry of magnesium has long been established, and its critical role in

human health and disease has become evident, even if incompletely understood at a mechanistic

level. Indeed, the complicated homeostatic mechanisms that maintain the concentration of this

cation within strict limits testify its importance for normal physiology and metabolism. However,

this also explains why its exact role and regulation in specific tissues remain elusive. Only in the

last two decades have researchers started to identify the molecular determinants of cell magnesium

homeostasis and to study their function. These experimental findings have greatly contributed to

our understanding of epidemiological and clinical data, but a lot of work still needs to be done to

integrate a body of knowledge that now stretches from nutrition to molecular biology. This book

brings together the latest in experimental and clinical magnesium research. We hope that this will

foster a deeper understanding of the pathophysiology of diseases in which magnesium homeostasis

is deranged and will pave the way for the development of novel, safe, and effective preventive and/or

therapeutic strategies, based on supplementation or targeted pharmacological approaches.

Federica Wolf, Valentina Trapani

Special Issue Editors
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Abstract: Inadequate magnesium (Mg) intake is associated with lower physical performance, but
the relationship with frailty in older people is unclear. Therefore, we aimed to investigate whether
higher dietary Mg intake is associated with a lower risk of frailty in a large cohort of North American
individuals. Details regarding Mg intake were recorded through a food-frequency questionnaire
(FFQ) and categorized as greater than/equal to Recommended Dietary Allowance (RDA) vs. lower.
Frailty was defined using the Study of Osteoporotic Fractures index. Multivariable Cox’s regression
analyses, calculating hazard ratios (HRs) with 95% confidence intervals (CIs), were undertaken by
sex. In total, 4421 individuals with knee osteoarthritis or who were at high risk without frailty at
baseline (mean age: 61.3, females = 58.0%) were followed for 8 years. After adjusting for 11 potential
baseline confounders, reaching the RDA for Mg lowered risk of frailty among men (total n = 1857,
HR = 0.51; 95% CI: 0.26–0.93), whilst no significant associations were found in women (total n = 2564).
Each 100 mg of dietary Mg intake at baseline corresponded to a 22% reduction in men (HR = 0.78;
95% CI: 0.62–0.97; p = 0.03), but not in women (HR = 1.05; 95% CI: 0.89–1.23). In conclusion, higher
dietary Mg intake appears to reduce the risk of frailty in men, but not in women.

Keywords: frailty; magnesium; older adults; Osteoarthritis Initiative

1. Introduction

Frailty is a clinical syndrome that identifies older subjects with increased vulnerability to stress [1].
Frailty is a common condition, with an estimated prevalence of about 10% among community-dwelling
older people [2], with even higher numbers reported among older people in long-term care [3].

Nutrients 2017, 9, 1253; doi:10.3390/nu9111253 www.mdpi.com/journal/nutrients1
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Frailty has been associated with an increased risk of several deleterious outcomes, including disability,
falls, hospitalization, institutionalization, and death [4], but recent literature suggests that frailty might
also be associated with a higher risk of metabolic [5], psychiatric [6], and cardiovascular disease [7].
It is widely assumed that early interventions for frailty, particularly in the pre-frailty state, might
improve quality of life, reducing adverse outcomes and associated costs of care [8].

The pathophysiology of frailty is complex and multi-factorial. However, nutrition is an important
modifiable factor in its onset and therefore a clear target for intervention [9]. It has been reported
that frailty is associated with lower levels of several micronutrients, including vitamins and minerals,
such as magnesium (Mg) [10]. Mg has a pivotal role in muscle function and it is essential for energy
metabolism, transmembrane transport, and muscle relaxation and contraction [11]. In humans, lower
Mg levels seem to be associated with a significant lower muscular function [12,13]. This effect
could be due to several mechanisms, including higher oxidative stress [14], and inflammatory [15],
and insulin-resistance [16] pathways. However, to the best of our knowledge, no longitudinal study
has reported a possible association between Mg and the incidence of frailty. Understanding if low Mg
is associated with higher risk of frailty is of importance, since the deficiency of Mg is easily reversible
with appropriate dietary suggestions or supplementation [17].

Given this background, the aim of the present study was to investigate the association between
dietary Mg intake at baseline and the onset of frailty in a large cohort of North American people over
a follow-up period of 8 years. Since previous literature has reported that Mg is effective in improving
physical function, we hypothesized that subjects with a higher Mg intake would be at lower risk of
developing frailty over time.

2. Materials and Methods

2.1. Data Source and Subjects

Data were obtained from the Osteoarthritis Initiative (OAI) database, available for public access
at http://www.oai.ucsf.edu/ [18]. The specific datasets utilized were registered during the baseline
and screening evaluations (V00) and each database reported data on frailty until 96 months from
baseline (V10). Patients at high risk of knee osteoarthritis (OA) were recruited at four clinical centers
(Baltimore, MD, USA; Pittsburgh, PA, USA; Pawtucket, RI, USA; and Columbus, OH, USA) between
February 2004 and May 2006.

All the participants provided written informed consent. The OAI study protocol was approved by
the institutional review board of the OAI Coordinating Center, University of California, San Francisco.

2.2. Baseline Dietary Magnesium Intake (Exposure)

Dietary Mg intake was obtained through a food frequency questionnaire recorded during baseline
visit of the OAI [19]. Since this questionnaire included data on Mg supplementation, this intake
was also considered. Then, the population was categorized in two main groups (consumption equal
to/greater than or less than the corresponding Recommended Dietary Allowance, RDA) using the
cut-offs of 420 mg for men and 320 mg for women, as suggested by the Institute of Medicine (IOM) [20].

2.3. Incident Frailty (Outcome)

The study’s outcome of interest was incident frailty. Frailty was assessed as outcome at wave
1 (12 months), 3 (24 months), 5 (36 months), 6 (48 months), 8 (72 months) and 10 (96 months).
In agreement with the Study of Osteoporotic Fracture (SOF) index and other studies performed
through the OAI [21–25], frailty was defined as the presence of at least 2 of the following 3 criteria:
(1) weight loss ≥5% between baseline and any follow-up examination (since no information regarding
weight changes were available at baseline, we considered those with a body mass index (BMI) of
<20 kg/m2 to fulfill this criteria only for baseline); (2) the inability to rise from a chair five times without
arm support (poor chair stand time); and (3) poor physical performance based on Question 10 of the
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SF12 questionnaire, i.e., responding to the question “in the past 4 weeks, did you feel full of energy?”
with either “A little of the time” or “none of the time”.

2.4. Covariates

Other than the number frailty criteria at baseline (categorized as one vs. none), we identified
several potential confounders at baseline in the association between Mg supplementation and frailty,
including: daily energy intake (in kcal/day); BMI (measured by a trained nurse); physical activity
evaluated using the Physical Activity Scale for the Elderly (PASE) [26]; depressive symptoms evaluated
through the Center for Epidemiologic Studies Depression Scale [27]; race (whites vs. others); smoking
habits (current/previous vs. never smokers); educational level (college degree vs. below) and yearly
income (< or ≥US$50,000 or missing data). Validated general health measures of self-reported
comorbidities were assessed using the modified Charlson co-morbidity score [28].

2.5. Statistical Analyses

Since the interaction sex by dietary Mg intake at baseline with incident frailty as outcome was
significant (p < 0.0001), the data are reported by sex.

Normal distributions of continuous variables were tested using the Kolmogorov–Smirnov test.
Data are shown as means ± standard deviations (SD) for quantitative measures, and percentages for all
discrete variables. The difference in baseline characteristics between those reaching the corresponding
RDA or not was tested by the independent t-test for continuous variables and the chi-square test for
categorical ones.

Cox’s regression analysis was used to assess the strength of the association between Mg intake at
baseline and the onset of frailty during follow-up. Significantly different factors with respect to those
reaching or not reaching the corresponding RDA in at least one sex or factors significantly associated
with incident frailty at univariate analysis in at least one sex were included. Multi-collinearity among
covariates was assessed using the variance inflation factor (VIF), with a score of 2 leading to the
exclusion of a variable, but no parameter was excluded for this reason.

The basic model was adjusted for age. In the fully-adjusted model the variables used
were: age (as a continuous variable); race (whites vs. others); BMI (as a continuous variable);
education (college degree vs. below); smoking habits (current and previous smokers vs. others);
yearly income (categorized as ≥ or <US$50,000 or missing data); Physical Activity Scale for Elderly
score (as a continuous variable); Charlson co-morbidity index (as a continuous variable); Center
for Epidemiologic Studies Depression Scale (as a continuous variable); number of frailty indexes at
baseline (one vs. none); and total energy intake (in kcal/day). The proportional hazard assumption was
verified considering Schoenfeld’s residuals of the covariates [29]. Cox’s regression analysis estimates
were reported as hazard ratios (HRs) with 95% confidence intervals (CIs). A similar analysis was run
using Mg intake as continuous variable, with increases in 100 mg.

Several sensitivity analyses were conducted evaluating the interaction between dietary Mg at
baseline and selected factors (i.e., age below or greater than/equal to 65 years, overweight/obese vs.
normal weight, yearly income, sex, race, education, smoking habits, yearly income, and number of
frailty indexes at baseline categorized as one vs. none) in the association with frailty, but only sex
emerged as moderator of our findings (p < 0.05 for the interaction).

All the analyses were performed using SPSS 17.0 for Windows (SPSS Inc., Chicago, IL, USA).
All statistical tests were two-tailed and statistical significance was assumed for a p-value < 0.05.

3. Results

3.1. Sample Selection

The OAI dataset initially included a total of 4796 American participants. Among them,
22 participants were excluded since they were already frail at baseline and another 353 were excluded
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since they did not provide data regarding frailty during follow-up, resulting in a final sample of
4421 participants.

3.2. Descriptive Characteristics

Of the 4421 participants included, 1857 were males and 2564 were females, with a mean age of
61.3 years (±9.2 years; range: 45–79). Only 819 (233 men and 586 women; =18.5% of the baseline
population; 12.5 vs. 22.9% in men and women, p < 0.0001) reached the corresponding RDA, even
though 2991 participants (=67.7%) took Mg supplementation.

Table 1 shows the participants’ characteristics by their Mg intake at baseline categorized as
reaching the corresponding RDA or not, by sexes. In both men and women, people reporting a dietary
Mg intake equal to/greater than the corresponding RDA were more physically active (p = 0.03 for
both comparisons), whilst no significant differences emerged in terms of co-morbidities or depressive
symptoms (Table 1). Finally, no significant differences emerged in terms of people reporting poor
physical performance, poor chair stand time, or weight loss between people reaching the Mg RDA or
not in both sexes (Table 1).

3.3. Dietary Magnesium Intake and Incident Frailty

During the 8-year follow-up, 362 subjects (120 men and 242 women; 8.2% of the baseline
population) developed frailty corresponding to a global incidence rate of 12 (95% CI: 10–13)/1000
persons-year. Among the singular criteria, the most frequent criterion during follow-up was poor chair
stand time (n = 780, 17.6%), followed by poor physical performance (n = 503, 11.4%), and weight loss
(n = 19, 0.4%).

Table 2 shows the association between dietary Mg intake at baseline and incident frailty at
follow-up. In men, the incidence of frailty among those reaching the corresponding RDA was
significantly lower than for those not reaching this cut-off (6, 95% CI: 3–12 vs. 10, 95% CI: 8–12/1000
persons-year; p = 0.03), whilst no significant differences emerged for women (14, 95% CI: 12–16 vs. 16,
95% CI: 12–20/1000 persons-year; p = 0.36). After adjusting for 11 potential confounders at baseline,
men reaching the RDA had a significant lower risk of frailty of about 49% (HR = 0.51; 95% CI: 0.26–0.93;
p = 0.03) (Table 2; Figure 1), whilst no significant differences emerged for women (HR = 1.02; 95% CI:
0.71–1.46; p = 0.92) or in the sample as whole (HR = 0.88; 95% CI: 0.65–1.20; p = 0.43).

Figure 1. Risk of incident frailty in men by Recommended Dietary Allowance at baseline. Legend:
the continuous line represents men not reaching the corresponding RDA at baseline; and the dashed
line represents men reaching the RDA.
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Modelling dietary Mg intake as a continuous variable and after adjusting for the potential
confounders mentioned before, each increase in 100 mg of dietary Mg intake at baseline corresponded
to a significant reduction in frailty incidence of 22% in men (HR = 0.78; 95% CI: 0.62–0.97; p = 0.03), but
not in women (HR = 1.05; 95% CI: 0.89–1.23; p = 0.59) or in the population as whole (HR = 0.95; 95% CI:
0.83–1.08; p = 0.40).

Table 2. Association between dietary magnesium intake and incidence of frailty.

Incidence (95% CI) for
1000 Persons-Year

Basic Adjusted
a HR (95% CI)

p Value
Fully Adjusted
b HR (95% CI)

p Value

Men
Greater than the RDA 10 (8–12) 1 (reference) 1 (reference)

Greater than/equal to the RDA 6 (3–12) 0.70 (0.38–0.95) 0.03 0.51 (0.26–0.93) 0.03

Women
Less than the RDA 14 (12–16) 1 (reference) 1 (reference)

Greater than/equal to the RDA 16 (12–20) 1.13 (0.84–1.51) 0.43 1.02 (0.71–1.46) 0.92

Notes: All the data are presented as hazard ratios (HRs) with their 95% confidence intervals. a The basic adjusted
model included as a covariate only age. b The fully-adjusted model included as covariates: age (as continuous);
race (whites vs. others); body mass index (as continuous); education (degree vs. others); smoking habits (current
and previous vs. others); yearly income (categorized as ≥ or <US$50,000 and missing data); Physical Activity
Scale for Elderly score (as a continuous variable); Charlson co-morbidity index; CES-D: Center for Epidemiologic
Studies Depression Scale; number of frailty indexes at baseline (one vs. none); and total energy intake (kcal/day).
Abbreviations: CI: confidence interval; HR: hazard ratio; RDA: Recommended Dietary Allowance.

4. Discussion

To the best of our knowledge, the current study is the first to investigate the relationship between
dietary and supplementary Mg intake and incident frailty. In summary, the present study involving
a large number of persons living in North America found that higher baseline Mg intake is associated
with a lower risk of frailty in men, but not in women, after 8 years of follow-up. The risk of frailty in
men reaching the RDA was almost halved and each increase in 100 mg of Mg intake decreased the risk
of frailty by about 22%.

At baseline, no significant differences emerged between people reaching or not the RDA in both
sexes in terms of potential risk factors for frailty, such as age, co-morbidities, or the presence of any
frailty item. However, people reporting higher Mg intake were more physically active (as shown by
higher PASE scores) and this probably played a role in the lower development of frailty in subjects
reaching the corresponding RDA for Mg. However, it should be noted that our analyses were adjusted
for this factor, suggesting that appropriate Mg intake can have an additional effect on frailty risk.

Another important consideration is the large number of people not reaching an appropriate intake
of Mg. Our data, even if collected in a special population (i.e., people with knee OA or at higher
risk of this condition), are similar to those collected in other American surveys. Using data from the
NHANES (National Health and Nutrition Examination Survey) study, average intakes of Mg from
food alone were higher among users of dietary supplements (350 mg for men and 267 mg for women)
than among non-users (268 mg for men and 234 for women), but were still broadly insufficient [30].
Other surveys reported that almost half of the North American population consumed less than the
required amount of magnesium from food in 2005–2006, and the figure was down from 56% in
2001–2002 [31]. Collectively, these data suggest that, despite the widespread use of Mg supplements,
dietary Mg intake is insufficient in the American population, likely due to low consumption of green
leafy vegetables, legumes, nuts, seeds, and whole grains [32], good sources of dietary Mg.

It is widely known that poor nutritional status is associated with the onset of frailty [9,33].
However, the possible association between Mg intake was poorly explored and the data available
mainly derived from the literature regarding Mg and physical function [34]. Altogether, the previous
findings available showed that higher Mg levels are associated with better physical function [11–13].
However, the design of previous studies (i.e., either cross-sectional or small randomized controlled
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trials) limits the strength of their findings. Thus, the findings from this longitudinal study involving
more than 4000 participants substantially advance our understanding on this topic.

A point of importance is that higher Mg supplementation is associated with lower incidence of
frailty in men, but not in women. We can hypothesize that since frailty has different prevalence and
incidence between men and women [35,36], the risk factors for frailty (including nutritional factors)
are probably different. Unfortunately, there was inadequate data to confirm which specific risk factors
may differ between the sexes. However, with regards to Mg, it is known that women have lower Mg
intake than men, although it is still debated if a different grade of absorption exists between sexes [37],
leading to a different effect on muscle function. Thus, more studies are needed to better identify and
understand the different roles of Mg in determining frailty between sexes.

The present findings should be considered within the limitations of the study. First, we had no
data about Mg status, except for dietary Mg. Even if the best method for the assessment of Mg status
is still equivocal [38,39], it would be interesting to assess if other parameters of Mg status can lead to
different results. Second, we used a slightly different definition of frailty at baseline with respect to the
one used at the follow-up, particularly with respect to weight loss. Unfortunately, no data regarding
weight changes were available in the OAI at baseline and it is possible that some frail individuals at
baseline were included in our analysis. Third, the participants of the OAI may not be representative
of the general population, due to the inclusion/exclusion criteria of this study. Fourth, the inherent
changes of Mg during time were not recorded and, consequently, it is not possible to assess the role
of dietary Mg intake over time in the onset of frailty. Finally, the data regarding co-morbidities were
self-reported and this can introduce another bias in our results.

5. Conclusions

In conclusions, our data suggests that higher dietary Mg intake is associated with a lower risk of
frailty in men, but not in women, suggesting important sex differences in this potential relationship.
Since low Mg intake is prevalent in the North American population, other studies are needed to see if
Mg supplementation could be associated with lower risk of frailty in older people.
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Abstract: Magnesium (Mg) is an essential dietary element for humans involved in key biological
processes. A growing body of evidence from epidemiological studies, randomized controlled trials
(RCTs) and meta-analyses have indicated inverse associations between Mg intake and cardiovascular
diseases (CVD). The present review aims to summarize recent scientific evidence on the topic, with a
focus on data from epidemiological studies assessing the associations between Mg intake and major
cardiovascular (CV) risk factors and CVD. We also aimed to review current literature on circulating
Mg and CVD, as well as potential biological processes underlying these observations. We concluded
that high Mg intake is associated with lower risk of major CV risk factors (mainly metabolic syndrome,
diabetes and hypertension), stroke and total CVD. Higher levels of circulating Mg are associated
with lower risk of CVD, mainly ischemic heart disease and coronary heart disease. Further, RCTs
and prospective studies would help to clarify whether Mg intake and Mg circulating levels may also
protect against other CVDs and CVD death.

Keywords: magnesium; cardiovascular; type 2 diabetes; metabolic syndrome; mortality; death;
epidemiological studies; inflammation; oxidation

1. Introduction

Magnesium (Mg) is an essential mineral for human health, representing the fourth most abundant
mineral in the body. It is involved in important metabolic processes including ATP-dependent
biochemical reactions, synthesis of DNA, RNA expression, cell signaling at muscle and nerve levels,
and glucose and blood pressure (BP) control, among others (Figure 1) [1]. To guarantee the correct
functioning of these processes, humans require a continuous supply of Mg from exogenous sources, i.e.,
dietary intake. Nuts, seeds, legumes, whole-grain cereals, leafy vegetables or water are well-recognized
dietary sources of Mg (Table 1), regular consumption of which enables reaching the recommended
dietary allowance currently set in 420 mg/day for adult men and 320 mg/day for adult women [2].
Mg requirements vary across age, sex and physiological situations (Figure 1). Dietary surveys in
Europe and United States have shown that daily allowance of Mg are unmet in a large proportion of
the population, probably as a result of following Western dietary patterns [2]. Several publications
and recent meta-analyses have revealed inverse associations of dietary Mg intake with the risk
of cardiovascular disease (CVD); cardiovascular (CV) risk factors including type 2 diabetes (T2D),
metabolic syndrome (MetS) or hypertension; and total mortality [3]. Similarly, chronic Mg deficiency
(defined as circulating [Mg2+] < 1.8 mg/dL) has been associated with increased risk of several
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cardio-metabolic conditions [4,5]. A low inter-correlation between dietary Mg and circulating [Mg2+]
has been described [6], possibly as a result of the tight homeostatic regulation of [Mg2+] through renal
reabsorption and excretion, although the determinants of variation within the normal physiologic
range are not well understood. For instance, genetic variations in single nucleotide polymorphisms
may account for less than 2% of the variance in serum [Mg2+] [7], and the understanding of the
influence of endocrine factors on Mg homeostasis need to be clarified [8]. Additionally, serum Mg only
represents a minimal proportion of the Mg present in the entire body and thus intracellular [Mg2+]
may be a more accurate method reflecting Mg status yet with additional difficulties to be measured [9].
Despite of this, and their low inter-correlation, both Mg intake and circulating [Mg2+] have been
repeatedly associated with CV health [3–5], and therefore both are of great research interest.

Recommended
Daily Allowances
for Magnesium

Biological functions

• Enzyme cofactor in > 300 biochemical reactions
• Energy production
• DNA and RNA synthesis
• Structural function of proteins, nucleic acids and mitochondria
• Muscle contraction/relaxation, vasomotor tone, heart rhythm

Age range Males Females Pregnancy Lactation
From birth to 6 mo 30 mg* 30 mg*
7 12 mo 75 mg* 75 mg*
1 3 y 80 mg 80 mg
4 8 y 130 mg 130 mg
9 13 y 240 mg 240 mg
14 18 y 410 mg 360 mg 400 mg 360 mg
19 30 y 400 mg 310 mg 350 mg 310 mg
31 50 y 420 mg 320 mg 360 mg 320 mg
>50 y 420 mg 320 mg

Figure 1. Summary of current Recommended Daily Allowances (RDAs) for magnesium intake [2] and
key biological functions of magnesium. Abbreviations: mo, months; y, years. * indicates Adequate Intake.

Table 1. List of foods and food groups from plant and animal origin with their corresponding
magnesium content (mg/100 g edible food).

Food from Plant Origin Food from Animal Origin

Nuts and Seeds Mg mg/100 g Dairy and Eggs Mg mg/100 g
Pumpkin seeds, dried 592 Parmesan cheese 44
Flaxseed 392 Feta cheese 19
Sesame seeds, roasted 356 Whole-fat milk 13
Almonds, raw 270 Plain whole-fat yogurt 12
Cashew nuts, roasted 260 Whole fresh egg 12
Walnuts 158
Pistachio nuts, roasted 109

Legumes Fish and seafood
Peanuts, roasted 178 Cod, cooked 133
Soybeans, cooked 86 Salmon, cooked 122
Chickpeas, cooked 48 Canned anchovies 69
Kidney beans, cooked 45 Shrimps, cooked 37
Lentils, cooked 36

Vegetables and fruits Meat and meat products
Sun-dried tomatoes 194 Chicken breast, cooked 34
Spinach, cooked 87 Turkey, cooked 32
Kale, cooked 57 Veal, cooked 34
Dates 54 Rabbit, cooked 21
Fresh parsley 50
Baked potatoes with skin 43

Whole grains
Buckwheat flour 251
Amaranth grain 248
Quinoa grain 197
Oats 177
Spelt 136
Barley 133

Data obtained from the US Department of Agriculture (USDA), Nutrient Database for Standard Reference,
Release 28 [10].
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The present review aims to summarize the most up-to-date scientific evidence on dietary Mg
intake and circulating Mg, in relation to CVD. To this end, efforts have been made to describe most
recent meta-analyses of prospective studies and RCTs on the topic, as well as current literature on
Mg intake and CV risk factors. Recent investigations relating circulating Mg and CVD and plausible
biological mechanisms underlying the potential beneficial role of dietary Mg intake on CV health
have been reviewed. Because the present review is not based on a systematic search, some articles
may not have been identified and publication bias should be acknowledged. However, all the authors
independently conducted the literature search.

2. Dietary Magnesium and Cardiovascular Disease Risk Factors

Experimental and observational studies have shown that higher Mg intake can exert
beneficial effects on CV risk factors by improving glucose and insulin metabolism, enhancing
endothelium-dependent vasodilation, ameliorating lipid profile and by its actions as an
antihypertensive and anti-inflammatory agent [11].

2.1. Type 2 Diabetes and Metabolic Syndrome

Mg plays an important role in glucose and insulin metabolism, likely via insulin resistance (IR)
pathways and directly affecting glucose transporter protein activity 4 (GLUT 4) [12]. A large body of
observational literature has suggested that higher Mg intake is associated with a lower risk of T2D
and MetS. Indeed, several meta-analyses on this topic have already been conducted. The most recent
one included 637,922 individuals with 26,828 T2D cases from twenty-five cohort studies. Results of
this meta-analysis indicated that compared with those participants in the lowest Mg consumption
category, the risk of T2D was reduced by 17% across all the studies; 19% in women and 16% in men.
In addition, a linear dose–response relationship was observed between Mg intake and T2D, such that
risk was 8%–13% lower per 100 mg/day increment in intake [13]. Previous meta-analyses evaluating
Mg intake and T2D have also found consistent inverse associations [14,15]. More recently, a large
prospective cohort study including more than 200,000 participants followed for over 28 years from
the Nurses’ Health Study (NHS) I, NHS II and Health Professionals’ Follow-up study (HPFS) showed
that, in pooled analysis across the three cohorts, those with the highest Mg intake (intake ranging
from 350 to 500 mg/day) had 15% lower risk of T2D compared to those in the lowest Mg intake group
(Hazard Ratio (HR) in the highest vs. the lowest quintile: 0.85 (95% CI 0.80–0.91)) [16]. This evidence
has been further confirmed by clinical trials on Mg supplementation indicating beneficial effects
of Mg on markers of glucose and insulin metabolism in individuals with and without T2D [17–19].
Findings from a recent meta-analysis of RCTs on the effects of supplemental Mg have demonstrated a
significant effect of Mg on the Homeostatic model assessment of insulin resistance (HOMA-IR) index
(weighted mean difference (WMD): −0.67, 95% CI: −1.20, −0.14); however, reductions in IR and
fasting glucose were only observed when trials had a follow-up larger than four months [17].

IR is indeed one of the underlying causes of a cluster of risk factors for CVD, namely MetS.
Evidence exists suggesting that there are potential benefits of dietary Mg in preventing MetS and
its components [20,21]. A recent meta-analysis on this topic has summarized the evidence of nine
observational studies including 31,876 participants [22]. Results indicated that higher consumption of
Mg was associated with a lower risk of MetS (Odds Ratio (OR): 0.73, 95% CI, (0.62–0.86)) compared to
participants in the lowest categories of Mg consumption. However, this meta-analysis combined the
estimates from cross-sectional and prospective cohort studies altogether, and the association between
components of the MetS and Mg intake was not assessed because it was not reported in the majority of
the included studies [22]. However, for example, in a study conducted in a sample of 535 participants,
Mg intake was inversely associated not only with the MetS but significant inverse relationships were
observed between Mg intake, and body mass index (BMI) (OR: 0.47, 95% CI: 0.22–1.00, p for trend
= 0.03), and fasting glucose (OR: 0.41, 95% CI 0.22–0.77, p for trend = 0.005) [23]. Two other review
articles published in 2014 also summarized the associations between Mg intake and MetS in several
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studies [24,25]. Ju et al. [24] found an inverse dose–response association when pooling the data of nine
observational studies, and Dibaba et al. [25] also observed consistent inverse associations between Mg
intake and MetS when combining the data of six cross-sectional studies.

Overall, data from observational studies suggest a beneficial role of Mg intake in T2D prevention,
whereas results from intervention studies have shown beneficial effects on HOMA-IR and fasting
glucose. Given that these are surrogate biomarkers, further RCTs of Mg intake should focus on
evaluating major endpoints, such as T2D incidence. Findings from studies on dietary Mg and
MetS point to an inverse association with the prevalence of MetS, but further larger and long-term
prospective studies and RCTs are needed to elucidate the role of Mg intake on MetS and its components.

2.2. Hypertension and Endothelial Function

High blood pressure or hypertension has been established as a strong risk factor for CVD.
Among others, a diet rich in Na+ and an inadequate dietary intake of other minerals including
K+, Ca+ and Mg has been linked to hypertension [26]. Previous evidence has indicated that Mg
deficiency might affect BP, thus leading to hypertension, and oral Mg supplementation may act as a
mild antihypertensive agent [27]. In a recent meta-analysis on this topic, the authors have pooled the
estimates on dietary Mg and hypertension of six prospective cohort studies including 20,119 cases and
180,566 participants [13]. The summary estimate indicated a statistically significant inverse association
between dietary Mg and hypertension risk (pooled RR comparing extreme categories = 0.92; 95% CI:
0.86, 0.98) without apparent evidence of heterogeneity between studies. The range of dietary Mg
intake among the included studies was 96–425 mg/day, and the follow-up ranged from 4 to 15 years.
In addition, a 100 mg/day increment in Mg intake was associated with a 5% reduction in the risk
of hypertension (RR = 0.95; 95% CI: 0.90, 1.00) [13]. These findings were consistent with those from
RCTs examining the effect of Mg supplementation on BP. The most recent meta-analysis has identified
eleven RCTs including 543 participants with preclinical or non-communicable diseases who were
followed for a range of 1–6 months [28]. The weighted overall effects indicated that the group who
was supplemented with oral Mg had a significantly greater reduction in both systolic BP (Standardized
Mean Difference (SMD): −0.20; 95% CI: −0.37, −0.03) and diastolic BP (SMD: −0.27; 95% CI: −0.52,
−0.03) than did the control group. Mg supplementation resulted in a mean reduction of 4.18 mmHg
in systolic BP and 2.27 mmHg in diastolic BP [28]. Previous meta-analysis and systematic reviews
on dietary Mg, BP and hypertension have also suggested potential benefits of dietary Mg [29,30],
yet showing a more moderate effect, possibly as a result of combining individuals with and without
chronic diseases in the pooled analysis.

Hypertension is indeed an important risk factor for endothelial dysfunction, and an essential
step in the pathogenesis of atherosclerosis that ultimately may lead to coronary artery disease (CHD).
Mg is involved in several essential physiological biochemical and cellular processes regulating CV
function; in addition, it plays a crucial role in modulating vascular smooth muscle tone and endothelial
function [31]. Several observational studies and clinical trials have evaluated the relationship between
dietary Mg and biomarkers of endothelial function. As an illustration, in a cross-sectional study
of 657 women of the NHS, in the age-adjusted linear regression analyses, Mg intake was inversely
associated with plasma concentrations of E-selectin (p = 0.001), and soluble intercellular adhesion
molecule 1 (sICAM-1) (p = 0.03). After further adjustment for physical activity, smoking status, alcohol
use, postmenopausal hormone use, and BMI, dietary Mg intake remained inversely associated with
E-selectin [32]. In another report of the Women’s Health Initiative Observational Study including
3713 postmenopausal women, dietary Mg intake was inversely associated with plasma concentrations
of soluble vascular cell adhesion molecule 1 (sVCAM-1) and E-selectin, independent of known
risk factors for metabolic outcomes. Specifically, an increase of 100 mg/day Mg was inversely
associated with sVCAM-1 (−0.04 ± 0.02 ng/mL; p = 0.07) [33]. Finally, a randomized, double-blind,
placebo-controlled trial has indicated that oral Mg supplementation (30 mmol Mg/day) for six months
resulted in a significant improvement in endothelium-dependent brachial artery flow-mediated
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vasodilation in 50 patients with coronary artery disease, indicating a beneficial effect of Mg on
endothelial function [34].

In summary, several lines of evidence have suggested a potential beneficial link between high
dietary Mg and low blood pressure, particularly among those individuals with either preclinical or
non-communicable diseases. Furthermore, Mg intake seems to improve endothelial function but more
studies are needed to confirm these associations in the long-term.

2.3. Lipid Profile

Dyslipidemia, one of the components of MetS, is a modifiable risk factor for the development
of atherosclerosis and CVD [35]. Besides the potential benefits of dietary and supplemental Mg on
IR, BP and endothelial function, several studies have also indicated that dietary Mg may be linked
to an improvement in lipid profile including a decrease in low-density lipoprotein (LDL) cholesterol
and triglycerides levels and an increase in high-density lipoprotein (HDL) cholesterol [36,37]. In a
cross-sectional study, Guerrero-Romero et al. compared 192 individuals with MetS with 384 healthy age-
and sex-matched controls. Of all of the MetS components, hypomagnesemia was most closely related
with dyslipidemia (OR: 2.8; 95% CI: 1.3, 2.9) and hypertension (OR: 1.9; 95% CI: 1.4, 2.8) [38]. Similarly,
in a cross-sectional analysis of the Tehran Lipid and Glucose Study including 2504 participants which
evaluated the associations between dietary Mg and MetS and its components, Mg intake (mean intake
of 349 mg/day) was inversely associated with triglycerides (β = −0.058, P = 0.009) [39]. In another
recent cross-sectional study including 4443 individuals from the European Prospective Investigation
into Cancer (EPIC)-Norfolk cohort, higher Mg intake was inversely associated with total cholesterol
(p for trend = 0.02 men and 0.04 women) [40]. However, the evidence from longitudinal observational
studies on dietary Mg and lipid profile biomarkers is limited. Most of the evidence regarding Mg
and blood lipids comes from RCTs on oral Mg supplementation. A recent meta-analysis of RCTs
did not show significant effects of Mg on plasma concentrations of total cholesterol, LDL-cholesterol,
HDL-cholesterol and triglycerides [41]. The authors suggested that this may be explained by the
inter-study heterogeneity due to the different formulations and salts of Mg used across the studies
and the heterogeneity of the studied populations [41]. Nonetheless, the authors reported a significant
reduction on LDL-cholesterol and triglyceride concentrations after Mg supplementation in a subgroup
of studies in participants with hypercholesterolemia and hypertriglyceridemia, respectively. Thus,
results suggested that according to the metabolic status, Mg may affect the lipid profile [41]. Moreover,
in a randomized trial were 214 participants were administered a Mg-rich diet (1142 ± 225 mg/day)
and 216 participants followed their usual diet (438 ± 118 mg/day) for 12 weeks, there was a significant
decrease in total serum cholesterol (10.7%), LDL-cholesterol (10.5%) and triglycerides (10.1%) in
participants following a Mg-rich diet compared to the baseline concentrations; no such changes were
evident in participants following a usual diet. HDL-cholesterol showed a marginal mean decrease of
0.8 mg/dL in the control group and 2.0 mg/dL increase in the intervention group [36].

In conclusion, evidence from RCTs have suggested plausible beneficial effects of oral Mg
supplementation for improving some lipid parameters, but improvements were only evident in
individuals with dyslipidemia. Therefore, longer and larger trials and prospective cohort studies on
this topic are still required.

3. Dietary Magnesium and Cardiovascular Disease

Most of the scientific literature on dietary Mg intake and CVD derive from prospective studies.
Recently, an increasing number of meta-analyses have summarized previous literature on this topic,
thus providing a more concise and public health-directed overview. The present section focuses on
the evidence from epidemiological studies in relation with dietary Mg intake and major CVD events,
as well as with CV death.
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3.1. Stroke

Current scientific evidence on dietary Mg and the risk of stroke is mostly available from
prospective cohort studies in North American, European and, to a lesser degree, from Asian
populations. Previous and more recent meta-analyses have exemplified the available data [3,42–44],
reporting similar results on the dose-dependent protective effect of Mg intake on stroke risk.
While previous meta-analyses have reported between 2% and 13% protection against total stroke for
an increment of 100 mg/day intake of dietary Mg [42–44], Fang et al. have confirmed this protective
effect in the most updated analysis conducted in 2016, including fourteen prospective cohort studies [3].
In this updated meta-analysis, the authors have also reported 22% lower risk of stroke (RR: 0.88;
95% CI, 0.82, 0.95) in those individuals in the highest vs. the lowest categories of dietary Mg intake,
which is in agreement with findings reported in previous studies [43]. It is important to highlight
that these meta-analyses have shown null to low heterogeneity between studies, they have found no
evidence of publication bias and they included studies adjusting for several potential confounders.
Taken together, current evidence from prospective studies in large populations across the world
indicated a dose-dependent inverse association between dietary Mg and stroke incidence.

3.2. Coronary Heart Disease

Coronary Heart Disease (CHD) in relation with dietary Mg intake has been extensively
investigated in large population cohorts in America and Asia, including the NHS, the HPFS and
the Shanghai Women’s and Men’s Healthy study, among other cohorts [6,45–49]. However, most of
these studies did not show a significant association when comparing the highest vs. the lowest category
of Mg intake in relation to the risk of CHD in either men or women. For instance, in an analysis of more
than 86,000 healthy American nurses, no significant associations were found comparing the highest vs.
the lowest quintile of Mg intake on total and non-fatal CHD over a median of 28 years of follow-up [6].
In this study, and similar to other analysis in the same cohort [47], Mg intake included those from
food sources and supplements, whereas the rest of the investigations only included Mg intake from
foods [45,46,48]. A pooled analysis by Fang and collaborators [3] including nine different prospective
cohorts have revealed inverse borderline associations with the highest category of Mg intake on CHD
risk (RR: 0.90; 95% CI, 0.80, 0.99), with low heterogeneity across studies. In an additional dose–response
analysis, the authors reported non-significant associations for higher Mg intake on CHD, with low
to medium heterogeneity among studies. On the contrary, a recently published prospective study
conducted in a large cohort of community-based Japanese adults [49] with a total of 1283 cases of
CHD has revealed a protection against CHD in men in the fourth (HR: 0.70 95% CI, 0.50, 0.99) and
fifth quintile (HR: 0.66 95% CI, 0.44, 0.97) of Mg intake compared to the lowest quintile (P for linear
trend = 0.036). Overall, current evidence on Mg intake and CHD suggests a non-significant inverse
association in most of the populations studied. Nevertheless, additional prospective studies and
clinical trials on this topic should focus on addressing plausible age, sex and country differences.

3.3. Heart Failure

Epidemiological evidence on the associations between dietary Mg and heart failure (HF) are
currently limited to two independent American and Japanese cohort studies [50,51]. Although large
risk reductions in HF incidence have been reported in the highest vs. lowest Mg intake among
black American individuals and Japanese women, the associations were non-significant for Japanese
men [51]. These differences may be due to the lower Mg intake in Japanese men compared to their
American counterparts (294 and 474 mg/day, respectively), or due to biological differences between
the study populations. Nevertheless, a recently published meta-analysis [3] including these two
independent cohorts has shown a strong inverse association with HF for the highest vs. the lowest
categories (RR: 0.69; 95% CI, 0.52, 0.91) and also per an increment of 100 mg/day of Mg intake (RR: 0.78,
95% CI, 0.69, 0.89), both with no apparent heterogeneity. Further data from prospective studies and
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clinical trials in other countries and ethnicity-specific populations is required to have an extensive
insight on the possible role of Mg in preventing HF.

3.4. Atrial Fibrillation

The associations between dietary Mg intake and atrial fibrillation, a common cardiac arrhythmia,
have barely been explored in epidemiological and experimental settings. To the best of our knowledge,
only one prospective cohort study has, so far, addressed this topic [52]. The authors followed more
than 14,000 middle-aged American whites and African American participants from the ARIC study
for 20.6 years, reporting 1755 incident cases of atrial fibrillation. Compared to the middle quintile
(median dietary Mg: 223.2–264.8 mg/day), those individuals in the highest (median dietary Mg:
≥320.1 mg/day) or the lowest quintile of Mg intake (median dietary Mg < 180.9 mg/day)—exclusively
from dietary sources, as assessed by food frequency questionnaire—did not show significantly
higher or lower incidence of atrial fibrillation. These results were found regardless of sex or
ethnicity, as the authors reported no significant interactions with dietary Mg. Despite these results,
previous experimental studies under controlled conditions in individuals with similar characteristics
have demonstrated that dietary-induced Mg depletion can induce heart rhythm changes with few
participants showing atrial flutter and fibrillation [53], and that subsequent Mg repletion with
supplements reverse these heart rhythm changes. These limited and mixed results illustrate the
need of more epidemiological and experimental evidences to elucidate the link between dietary Mg
intake and atrial fibrillation across different populations.

3.5. Cardiovascular Death

Several epidemiological studies across North American [6,47,54–56], Asian [48,51], and, to a lesser
degree, European populations [57] of middle-aged men and women have prospectively evaluated the
associations between dietary Mg intake and risk of CV death yielding inconclusive results. With the
purpose of summarizing the existing evidence on the topic, two meta-analyses have been published to
date [58,59]. In a first meta-analysis, Xu et al. [58] included a total of six prospective studies comprising
more than 200,000 men and women with a follow-up ranging between 10 and 26 years. In the pooled
analysis, those participants in highest category of Mg intake comparted to those in the lowest category,
showed no significant differences regarding total CV death risk, yet high heterogeneity across studies
was detected. However, further inspection of subgroup analyses revealed a 29% protection only in
women (RR: 0.71; 95% CI, 0.60, 0.84).

In a more recent updated meta-analysis [59] including more than 400,000 adults from different
cohorts who were followed for 5 to 28 years, the summary estimate comparing individuals at the
higher vs. the lowest categories of dietary Mg intake showed a protection of 14% (HR: 0.86; 95% CI,
0.81, 0.91) against the risk of CV death, with high heterogeneity among studies and no evidence of
publication bias. Subgroup analyses revealed that this protection corresponded to 16% in women
and 8% in men. Further inspection of the subtypes of CVD death showed that dietary Mg intake was
inversely and significantly associated with lower risk for CHD, heart failure and sudden cardiac death.
Additional dose–response analysis showed a protection of 25% (HR: 0.75; 95% CI, 0.58, 0.99) in women
for the increment of 100 mg/day of Mg intake.

Overall, current evidence in relation to dietary Mg intake and death for total CVD and CV
subtypes shows a protective role, particularly in women. Nevertheless, the results derived from
meta-analyses should be interpreted with caution given the high heterogeneity found across the
studies. Further RCTs on dietary Mg intake should focus on assessing CV hard endpoints to clarify
current available evidence aroused from prospective studies.
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4. Circulating Magnesium and Cardiovascular Disease

Several prospective studies have analyzed the associations between peripheral levels of Mg or
urine Mg excretion (Mg status) and the risk of several CVD including cardiac arrhythmias, congestive
HF, CHD, stroke, sudden death and death from all these causes.

Although a poor correlation between dietary Mg and plasma levels of this mineral has been
reported in several prospective studies [6,45], evidence exists demonstrating that very low Mg diets
may lead to low serum Mg levels, and a recent meta-analysis of RCTs demonstrated significant dose
and time responses of circulating [Mg2+] and 24 h urine Mg excretion to oral Mg supplementation [60].

Therefore, in this section, we summarize the epidemiological evidence in the literature analyzing
the association between low circulating (serum/plasma) [Mg2+] or urinary Mg excretion and CVDs.

4.1. Cardiovascular Disease, Coronary Disease and Stroke

The most recent systematic review and meta-analysis analyzing the associations between
peripheral [Mg2+] and CVD identified significant associations of circulating Mg and risk of CVD
events [4]. Circulating [Mg2+] (per 0.2 mmol/L increment) was associated with a 30% lower risk of CVD,
with trends towards a lower risk of ischemic heart disease (IHD) and fatal IHD. This meta-analysis,
including a total of 313,041 individuals and documenting 4106 CVD, 3215 IHD, and 1528 fatal IHD
events, provides the most robust evidence to date of the associations between circulating [Mg2+] across
their usual physiologic ranges with CVD risk. However, a moderate heterogeneity between the studies
analyzed was reported.

Since then, two additional large prospective studies examining this relation have been conducted.
Chiuve et al. [6] conducted a nested case–control analysis in the context of the NHS with 458 cases of
incident CHD matched to controls. Higher plasma [Mg2+] was associated in an L-shaped fashion with
lower risk of CHD, although this association was not independent of CVD biomarkers. In contrast,
in the Prevention of Renal and Vascular End-Stage Disease (PREVEND) study—a prospective
population-based cohort study—low urinary Mg excretion was independently associated with a
higher risk of IHD incidence. Nevertheless, no significant associations were observed between plasma
levels of this mineral and IHD incidence or death [61].

In relation to stroke, several cross-sectional and retrospective case–control studies have reported
lower serum [Mg2+] in those individuals with acute stroke compared with healthy controls. However,
in these studies Mg was not measured before stroke diagnosis and thus hypomagnesemia may have
been a consequence rather than a cause of stroke in these patients. No prospective association between
serum [Mg2+] and risk of stroke was reported in the ARIC Study cohort after adjusting by several
confounders (based on 577 ischemic stroke cases in men and women with 16 years of follow-up) [62].
In the NHS, plasma Mg levels were not associated with the risk of ischemic stroke in women [63].
However, women with [Mg2+] levels < 0.82 mmol/L had a 57% higher risk of ischemic stroke, and this
association remained unchanged after controlling for other factors associated with Mg levels and
stroke risk.

4.2. Atrial Fibrillation and Sudden Death

Low serum [Mg2+] has been linked to an increased risk of atrial fibrillation (AF) after cardiac
surgery. However, it is unknown whether hypomagnesemia predisposes to AF in the general
population. Two prospective studies have analyzed the association between serum [Mg2+] and
AF risk in healthy populations and in individuals at risk of CVD. In the context of the Framingham
Health Study, low serum [Mg2+] was moderately associated with the development of AF in individuals
without previous history of CVD [64]. In the ARIC cohort, an L-shaped association between serum
[Mg2+] and incident AF was also identified, with the highest risk of AF in those individuals with
low serum [Mg2+], and a lower risk at more normal and elevated [Mg2+] levels [52]. This association,
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not different among white and African populations, was evident even after adjustment for the most
important recognized risk factors of AF.

4.3. Left Ventricular Hypertrophy and Heart Failure

A few lines of evidence suggest that low circulating [Mg2+] may predict left ventricular
hypertrophy or HF among population-based individuals. For example, low serum [Mg2+] has been
demonstrated to predict higher increase in left ventricular mass over five years of follow-up in
the population-based longitudinal Study of Health in Pomerania including 1348 individuals with
echocardiographic data [65]. This prognostic impact was regardless of sex, age and traditional
CV risk factors including prevalent hypertension. In relation to cardiac insufficiency, in the ARIC
Study, a North American population-based cohort, low serum [Mg2+] and high serum phosphorus
and calcium concentrations were independently associated with greater risk of incident HF after
controlling for several potential confounders, with the association remaining consistent across sex
and ethnicity [66]. In a population-based prospective study of middle-aged Finnish men without
HF at baseline, the Kuopio Ischemic Heart Disease Study, a decreased risk for incident HF with
increasing serum [Mg2+] was also reported [67]. This association persisted after controlling for
baseline characteristics, predictors of incident HF, metabolic and renal biomarkers, and other
related micronutrients.

4.4. Atherosclerosis and Coronary Artery Calcification

In few epidemiological studies, low circulating [Mg2+] was inversely associated with
atherosclerosis and coronary artery calcification. For example, in the ARIC study, decreased
serum [Mg2+] were associated with increased mean carotid wall thickness in women [68].
Hashimoto et al. [69] analyzed 728 subjects from the general Japanese population and also found
that serum [Mg2+] to be inversely associated with intima-media thickness of the common carotid
artery, and with the presence of atherosclerotic plaque. In two recent cross-sectional studies conducted
in Korean and Mexican populations free from CVD, low serum [Mg2+] were also associated with
coronary artery calcification [70,71].

4.5. Cardiovascular Death

In a systematic review and meta-analysis, using the results of four studies including 27,293
individuals and 1528 cases the association between circulating [Mg2+] and fatal IHD risk has been
evaluated [4], showing a trend towards a lower risk in those individuals with lower [Mg2+], with
substantial between-study heterogeneity. In secondary analyses using fixed effects, circulating [Mg2+]
were associated with a significantly lower risk of fatal IHD. Nevertheless, meta-regression analysis
did not show statistically significant sources of heterogeneity, although statistical power to identify
heterogeneity was limited because only four studies were included in the analysis.

Peripheral [Mg2+] were also inversely associated with fatal CHD in the NHS [6], and with fatal
stroke in the NHANES I Epidemiologic Follow-up Study [72]. Low serum [Mg2+] were also associated
with an increased risk of CHD death and sudden cardiac death in a recent European prospective
population-based cohort study [73].

Finally, in a recent systematic review and meta-analysis of studies conducted in HF patients,
hypermagnesemia with serum [Mg2+] ≥1.05 mmol/L was associated with an increased risk of
CVD death and all-cause death, but this was not observed for hypomagnesemia [74]. However,
these findings were limited to elderly patients with chronic HF who had reduced left ventricular
systolic function.

5. Plausible Mechanisms Connecting Magnesium and Cardiovascular Disease

The inverse association between Mg intake and IR, hyperglycemia, dyslipidemia, hypertension,
and markers of inflammation may justify the protective effect of dietary Mg on CVD. As reviewed
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in previous sections, several RCTs and epidemiological studies have widely indicated that higher
dietary Mg intake and/or circulating [Mg2+] are associated with lower risk of CVD, such as IHD and
sudden cardiac death. Given the participation of Mg2+ in a wide range of biological pathways and
outcomes, it is not surprising that alterations in Mg homeostasis may influence different disease status,
such as T2D and hypertension, together with CV events (Figure 2). Numerous studies have reported
an increased oxidative stress during Mg-deficiency (Mg-D), including enhanced erythrocyte, tissue,
and lipoprotein peroxidation, implicated in the early stages and progression of CVDs [75–79].

Figure 2. Mechanisms linking magnesium abnormalities (intake or circulating levels) with molecular
outcomes leading to CV risk factors that may induce CV disease. Abbreviations: CV, cardiovascular;
Mg, magnesium; T2D, type 2 diabetes.

In this paper, we have mainly focused in outcomes related to CVD and/or their risk factors.
Studies investigating these mechanisms have mostly focused on the effects of Mg supplementation
or circulating [Mg2+] levels on inflammation and/or oxidative processes. However, specific in vitro
and/or in vivo research has also been conducted to explore the overall processes affecting CV outcomes
or CV risk factors (Figure 2).

5.1. Oxidative and Inflammatory Stress

Already at the beginning of the 20th century, after the discovery of Mg as an essential nutrient,
Mg-D was linked to inflammation [80]. It is well-characterized that a previous phase of Mg depletion
renders cells—particularly myocardial tissue—more sensitive to oxidative stress [75–77]. However,
supplementation with Mg led to an increase in antioxidant blood concentrations [75,81,82]. It has
been hypothesized either that Mg-D induces oxidative stress due to its pro-inflammatory effect,
or that Mg itself possess antioxidant properties, scavenging oxygen radicals [75,76]. Mg-D may also
induce a pro-inflammatory response by modulation of the intracellular Ca2+ concentration, release of
neurotransmitters, or the activation of nuclear factor-kB implicated in the regulation of immune and
inflammatory responses [76].
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Freedman and collaborators demonstrated during the nineties the participation of free radicals in
Mg-D cardiomyopathy and the incapacity of Mg-deficient animals to withstand an in vivo oxidative
stress [78,79]. They evaluated the effect on Syrian hamsters being fed for 14 days with a Mg-deficient
diet or a Mg-supplemented control diet, showing that Mg-D increases the susceptibility of the CV
system to oxidative stress [79]. However, researchers also found that the concentration of nitric oxide
(NO) is markedly increased in plasma of Mg-deficient rats, thus providing an additional cause of
oxidative lesions through formation of peroxynitrite [83].

In vitro studies were also performed and the effect of Mg-deficient culture on endothelial cell
susceptibility to oxidative stress was examined. Bovine endothelial cells were cultured in either control
sufficient (0.8 mM) or deficient (0.4 mM) levels of MgCl2. Results derived from this investigation
suggest that in vitro Mg-D enhances free radical-induced intracellular oxidation and cytotoxicity in
endothelial cells [84]. To further explore these effects, Wiles et al. examined the exposure of acute
Mg-D to this cell type. Decreasing [Mg2+] (≤0.25 mM) significantly increased endothelial cell oxidant
production relative to control [Mg2+] (1 mM). This suggested that acute Mg-D is sufficient for the
induction of endothelial cells oxidant production, the extent of which may determine, at least in part,
the extent of endothelial cells dysfunction/injury associated with chronic Mg-D [85].

Severe dietary Mg restriction (9% of the recommended dietary allowance (RDA) is
sufficient to induce a pro-inflammatory neurogenic response in rats [86]. Thus, Kramer and
collaborators evaluated in 2003 whether less severe dietary Mg restriction modulates the extent
of both the neurogenic/oxidative responses in vivo and ischemia/reperfusion injury in vitro.
Male Sprague-Dawley rats maintained on Mg (40% RDA) or Mg (100% RDA) diets during the
first three weeks were compared with the 9% RDA Mg group. They found that erythrocyte glutathione
and plasma malondialdehyde levels revealed a direct relationship between the severity of oxidative
stress and hypomagnesemia. Thus, suggesting that varying dietary Mg intake directly influences the
magnitude of the neurogenic/oxidative responses in vivo and the resultant myocardial tolerance to
ischemia/reperfusion stress [87]. Because it has been demonstrated that Mg-D promotes inflammation
in vivo, Bernardini and collaborators evaluated the effect of different [Mg2+] on microvascular 1G11
cells [88]. They reported that low [Mg2+] inhibits endothelial growth and migration, while it increases
some inflammatory- and endothelial-related markers (IL-1a, IL-6, NO and VCAM), whereas high
[Mg2+] stimulates cell proliferation and migration. This result demonstrated a direct role of Mg in the
modulation of microvascular functions and provided a molecular explanation to the link among Mg,
angiogenesis and inflammation observed in in vivo CV models [88].

5.2. Lipid Profile and Peroxidation

Rayssiguier and collaborators demonstrated for the first time in 1993, using Wistar rats,
that dietary Mg-D affects susceptibility of lipoproteins and tissues to peroxidation [89]. The destruction
of membrane lipids and the end-products of such lipid peroxidation reactions are especially dangerous
for the viability of cells and tissues, hence comprising a crucial step in the pathogenesis of several
CVD [90]. Several years later, Morrill et al. monitored changes in rat lipid extracts of aortic and
cerebrovascular smooth muscle as extracellular [Mg2+] was being reduced. They found, within the
pathophysiological range of Mg2+, a progressive reduction in fatty acid chain length and double bond
content—which results in fatty acid truncation—as [Mg2+] is lowered. A decrease in lipid oxidation
in the presence of elevated [Mg2+] could contribute to the apparent protective role of increased Mg
intake on vascular function in humans [91].

Postprandial accumulation of triglyceride-rich lipoproteins (TGRLP) is an important characteristic
of hyperlipidemia associated with Mg-D in animal models. Control and Mg-deficient rats were fed
for eight days on adequate or Mg-D diets. Researchers tested the susceptibility of TGRLP isolated
from control and treated rats to cell-dependent peroxidation and the effect of these lipoproteins on
in vitro cultured vascular smooth muscle cells (VSMC). Results showed a higher oxidation in the case
of Mg-deficient rats. This outcome warrants the atherogenic properties of Mg-D, which is accompanied
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by hyperlipidemia and which affects two important linked pathways: lipoprotein peroxidation and
VSMC proliferation [92]. Moreover, additional results proved that TGRLP-oxidative damage is not the
result of a decrease in vitamin E antioxidant status [93].

Altura and collaborators investigated in vivo the etiology of cardiac diseases. They examined
the effects of Mg depletion on myocardial bioenergetic, carbohydrate, lipid and phospholipid
metabolism. Rat myocardial biopsies were studied after being fed for 3 months with a dietary
Mg restriction (20% normal dietary intake). Dietary Mg-D resulted in a drop in myocardial
glycogen, glucose 6-phosphate, glycerol phosphate, as well as the contents of different phospholipids,
illustrating impaired phospholipid metabolism and mitochondrial oxidation of long-chain fatty
acids. These observations are consistent with the principle that prolonged low [Mg2+] can result in
marked reduction in O2 and substrate delivery to the cardiac myocytes, with concomitant changes in
membrane phospholipids (potentially resulting in a pro-oxidant state) probably as a result of coronary
vasoconstriction [94].

5.3. Glucose Homeostasis/Type 2 Diabetes

The means whereby hypomagnesemia may promote or worsen existing T2D have not been
fully unraveled. It has been suggested that Mg2+ regulates cellular glucose metabolism directly as it
serves as an important cofactor for various enzymes and acts as a second messenger for insulin [95].
Importantly, it was also observed that insulin enhances intracellular Mg2+ uptake and this in turn
mediates diverse effects ascribed to insulin [95]. Furthermore, low [Mg2+] may induce altered cellular
glucose transport, reduced pancreatic insulin secretion, defective post-receptor insulin signaling
and/or altered insulin–insulin receptor interactions [96] and thus aggravate the processes related to IR,
important risk factor for CVD [95].

5.4. Endothelial Function, Blood Pressure and Hypertension

In spite of considerable research, the exact underlying causes for altered Mg metabolism in
hypertensive individuals remain unclear [97]. It is assumed that inadequate dietary Mg intake or
a malfunction on its metabolism can lead to vasospasm and endothelial damage [98]. Therefore,
as it has already introduced before, Mg-D might affect BP and/or endothelial function, which may
promote hypertension.

In an in vitro study, Maier et al. cultured human umbilical vein endothelial cells for various times
in media containing different [Mg2+] (2–10 mM) and compared them to the corresponding controls
(1 mM). High [Mg2+] stimulated endothelial proliferation and enhanced the mitogenic response to
angiogenic factors. In addition, high [Mg2+] did not modulate the levels of plasminogen activator
inhibitor-1, but enhanced the synthesis of NO, in part through the up-regulation of endothelial nitric
oxide synthase. Thus, as it induces the synthesis of NO, Mg supplementation could be a helpful
management approach in hypertension as well as in preventing thrombosis [99].

The effect of dietary Mg supplementation on BP and CV function has also been evaluated
in vivo. Normotensive rats and mineralocorticoid-salt (DOCA-salt) hypertensive rats were fed for
5 weeks with a purified diet containing either a normal or Mg-supplemented diet (1.5 or 10 g/kg diet).
Mg supplementation significantly lowered BP levels in hypertensive rats, but not in normotensive rats,
and heart rate was not affected in either group. These findings suggested that the lowering effect of
Mg supplementation on BP in hypertensive rats may be related to a vascular effect of Mg that reduces
vascular tone [100]. To further test the effect of its supplementation on the development of hypertension
in spontaneously hypertensive rats (SHR), Touyz et al. designed an in vivo study. Ten-week-old SHR
and control Wistar-Kyoto rats (WKY) were divided into four groups which were fed for 17 weeks: WKY,
WKY with Mg supplementation (650 mg/L), SHR, and SHR with Mg supplementation (650 mg/L).
From 13 weeks of age, BP was significantly elevated in SHR compared with age-matched WKY. BP was
significantly reduced in SHR after 10 weeks of Mg supplementation. From 18 weeks of age, serum
and intracellular [Mg2+] levels were significantly lower in SHR than in WKY. Mg supplementation

21



Nutrients 2018, 10, 168

was able to normalize intracellular [Mg2+] and [Ca2+] in SHR. Overall, these results showed that
mid-term Mg supplementation significantly attenuates, but does not prevent, the development of
hypertension in SHR [101]. Importantly, Blache et al. tested the long-term effect of Mg-D. Rats were
fed for 22 months with moderately deficient (150 mg/kg), standard (800 mg/kg), or supplemented
(3200 mg/kg) Mg diets. Compared to the standard and supplemented diets, Mg-D enriched diet
significantly increased BP, plasma IL-6, fibrinogen, and erythrocyte lysophosphatidylcholine. Thus,
Mg-D induced a chronic impairment of redox status associated with inflammation, which could
significantly contribute to increased oxidized lipids and promote hypertension and vascular disorders
with aging. Extrapolating these results to the human situation and considering that Mg-D has been
reported to be remarkably common—particularly among elderly individuals—Mg supplementation
may be useful as an adjuvant therapy in preventing CVD [77].

5.5. Cardiovascular Disease Events: Arrhythmia and Acute Myocardial Infarction

Probably the most widely accepted and practiced use of Mg in CV medicine is for the prevention
and/or treatment of cardiac arrhythmias [31]. Anti-arrhythmogenic properties of Mg may involve
changes in the activity of some ionic channels, such as Ca2+ and K+ [102]. Both extracellular and
cytosolic Mg2+ has significant effects on cardiac ion channels, which in turn may have important
consequences on the duration of action potential, cell excitability and contractility [102]. Mg2+ exerts
its antiarrhythmic effect via modulation of myocardial excitability. However, very few studies have
evaluated the effect of Mg2+ on cardiac voltage-dependent Na+ channels. Using inside-out patches
from guinea pig ventricular myocytes to measure currents through single cardiac Na+ channels,
Mubagwa et al. [103] showed that [Mg2+] had no effect on inward currents but decreased the outward
current amplitude in a concentration and voltage-dependent manner. This suggested that Mg2+

primarily exerts only an open channel blocking effect, with little or no direct allosteric modulatory
action on the voltage-dependent Na+ channels.

Data coming from autopsies indicated that patients who had died from IHD had reduced Mg2+

levels in myocardium and muscle compared with those who had died from non-cardiac causes.
It was observed that during myocardial ischemia, total intracellular Mg2+ decreases while free
intracellular Mg2+ increases [104]. In addition, ischemia per se leads to intracellular Ca2+ overload,
which compromises myocardial function. It was speculated that Mg2+ administration reduces Ca2+

overload as a result of the competence between these two elements for the same binding sites.
In addition, the effects of Mg2+ on vascular tone, its ability to improve endothelial dependent
vasodilation, its anticoagulant properties, possibly through improvement of NO release [105], may
all exert a beneficial effect in acute myocardial infarction. In accordance with these findings,
investigators started to study Mg2+ replacement as an adjunctive pharmacotherapy in the context of
acute myocardial infarction.

5.6. A Focus on Magnesium Receptors

Research in the mechanisms of control of vascular Mg2+ homeostasis revealed two cation
channels of the transient receptor potential melastatin (TRPM), TRPM6 and TRPM7, as important
Mg2+ transporters [105]. They are differentially expressed, with TRPM6 being primarily found in
epithelial cells and TRPM7 occurring ubiquitously. Vascular TRPM7 is modulated by vasoactive
agents, pressure, stretch, and osmotic changes and may be a novel mechanotransducer. In addition
to its Mg2+ transporter function, TRPM7 has been implicated as a signaling kinase involved in
VSMC growth, apoptosis, adhesion, contraction, important processes involved in vascular remodeling
associated with hypertension and other vascular diseases [105]. Overall, TRPM7 has been shown to
play an essential role in maintaining cellular Mg2+ homeostasis. However, more research is needed to
clarify the exact mechanisms of Mg2+ regulation in the CV system and the implications of abnormal
transmembrane Mg2+ transport in the pathogenesis of vascular diseases [106]. In fact, a recent
randomized, double-blind clinical trial conducted in pre-hypertensive subjects compared the effect
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of oral Mg supplementation versus placebo treatment for four month in the expression of different
Mg2+ transporters in leukocytes. Rodríguez-Ramírez and collaborators reported a significant increase
in the TRPM6 mRNA relative expression in leukocytes from pre-hypertensive individuals following
the oral Mg supplementation compared to placebo group. Conversely, non-significant differences
were reported regarding TRPM7 and solute carrier family 41 member 1 (SLC41A1) mRNA relative
expression [107].

Overall, Mg is an essential microelement critical in several biological processes. Its specific role on
the CV system has been widely investigated. However, further in vitro and in vivo studies are needed
to explore other potential molecular targets and pathways putatively modulated and influenced by
dietary and circulating Mg2+ levels.

6. Final Conclusions

Taken together, current evidence from epidemiological studies shows that higher Mg intake,
either dietary or via supplementation, is associated with a protection against major CV risk factors,
including MetS, T2D and hypertension/BP, as well as against stroke and total CVDs. Nevertheless,
further prospective studies and RCTs are warranted to elucidate the relation between Mg intake and
MetS individual components, endothelial dysfunction, lipid profile and obesity—of which current
scientific knowledge remains very scarce—and HF, CHD and CVD death in different populations.
Available evidence on circulating Mg and CVDs shows that greater circulating [Mg2+] is also associated
with lower risk of CVDs, mainly IHD and CHD, yet further insights are needed to clarify the less
consistent results with other CVDs and CV death. Because Mg plays a crucial role in a wide range
of biological pathways and outcomes, it is not surprising that alterations in Mg homeostasis may
influence different disease status.

Importantly, the fact that Mg intake is determined using indirect methods in epidemiological
studies, such as food frequency questionnaires, makes it difficult to separate the observed associations
from those of other microelements that may also positively contribute to cardiometabolic health. Thus,
a residual effect from the intake of other dietary microelements cannot be discarded despite the efforts
for controlling this in multivariate models.

Traditionally, supplement formulations from organic Mg (aspartate, citrate, lactate and chloride)
have been considered to be more bioavailable than those with inorganic Mg (oxide and sulfate),
as reported by a number of studies [108]. However, this topic is currently under debate given that
other studies have found no differences between these formulations, and several factors have been
shown to play a role in the complex process of Mg absorption and utilization [109].

The inverse association between Mg intake and IR, hyperglycemia, dyslipidemia, hypertension,
and markers of inflammation may justify the protective effect of dietary Mg on CVD. Overall,
the current evidence supports the importance of adequate dietary magnesium for lowering
CVD risk. In addition, these findings support the importance to increase the consumption of
magnesium-rich foods, including fruits, vegetables, legumes, nuts and whole grains for the prevention
of chronic diseases.
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Abbreviations

ARIC Atherosclerosis Risk in Communities
ATP adenosine triphosphate
BMI body mass index
BP blood pressure
Ca2+ calcium
CHD coronary heart disease
CV cardiovascular
CVD cardiovascular disease
DNA deoxyribonucleic acid
GLUT 4 glucose transporter protein activity 4
HDL high-density lipoprotein
HF heart failure
HR hazard ratio
HOMA-IR homeostatic model assessment of insulin resistance
IHD ischemic heart disease
IL interleukin
IR insulin resistance
K+ potassium
LDL low-density lipoprotein
MetS metabolic syndrome
Mg magnesium
Mg-D Mg-deficiency
[Mg2+] magnesium concentrations
Mg2+ intracellular magnesium
Na+ sodium
NO nitric oxide
O2 oxygen
T2D type 2 diabetes
TGRLP triglyceride-rich lipoproteins
TRPM transient receptor potential melastatin
RCT randomized control trial
RDA recommended dietary allowance
RR Relative Risk
sICAM-1 soluble intercellular adhesion molecule 1
SLC41A1 solute carrier family 41 member 1
SHR spontaneously hypertensive rats
UVEC umbilical vein endothelial cells
VCAM vascular cell adhesion protein 1
VSMC vascular smooth muscle cells
WKY Wistar-Kyoto rats
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Abstract: To assess the association between dietary magnesium intake and hyperuricemia in United
States (US) adults, we extracted 26,796 US adults aged 20–85 years from the National Health and
Nutrition Examination Survey (NHANES) in 2001–2014. All dietary intake was measured through
24 h dietary recall method. Multivariable logistic regression analysis was performed to investigate
the association between magnesium intake and hyperuricemia after adjusting for several important
confounding variables. When compared to the lowest quintile (Q1), for male, adjusted odds ratios
(ORs) of hyperuricemia in the second quintile (Q2) to the fifth quintile (Q5) of the magnesium
intake were 0.83 (95% CI: 0.72–0.95), 0.74 (0.64–0.85), 0.78 (0.67–0.90), and 0.70 (0.58–0.84, p for
trend = 0.0003), respectively. For female, OR was 0.75 (0.62–0.90) in the fourth quintile (Q4) (p for
trend = 0.0242). As compared to Q4 of magnesium intake (contains recommended amount), the
relative odds of hyperuricemia were increased by 1.29 times in Q1 (OR = 1.29, 1.11–1.50) in male.
The ORs were 1.33 (1.11–1.61) in Q1, 1.27 (1.07–1.50) in Q2 in female. Our results indicated that
increased magnesium intake was associated with decreased hyperuricemia risk. It also indicated the
importance of recommended dietary allowance (RDA) of magnesium and the potential function of
magnesium intake in the prevention of hyperuricemia.

Keywords: hyperuricemia; magnesium; NHANES; cross-sectional study

1. Introduction

Uric acid is the ultimate product of purine metabolism. When the level of serum uric acid
transcends the normal level, hyperuricemia occurs. Previous studies indicated that hyperuricemia not
only increased the risk of gout, but also had a close relationship with the development of hypertension,
kidney disease, metabolic syndrome, obesity, cardiovascular disease [1–5], lipid metabolism disorders,
and type 2 diabetes [6,7]. Nowadays, hyperuricemia is becoming a serious public health problem and
epidemiological studies had shown a growing trend in the prevalence of hyperuricemia and gout.
The reported prevalence of hyperuricemia ranged from 8.9% to 24.4% in diverse populations [8–11].
Nevertheless, the pathophysiology of hyperuricemia has not yet been completely illustrated.

Magnesium, which plays a significant role in prevention and treatment of several disorders,
is a vital nutrient for human body. Recommended dietary allowance (RDA) of magnesium intake
was developed by the Food and Nutrition Board (FNB) of the Institute of Medicine and was based
on age and sex. For United States (US) adults, the RDAs for magnesium is 400 mg/day for male
aged 19–30, 420 mg/day for male aged 30 and over; 310 mg/day for female aged 19 and 30,
and 320 mg/day for female aged 30 and over. RDA is the average daily level of intake sufficient
to meet the nutrient requirements of nearly all individuals in a life-stage and gender group [12].
Magnesium insufficiency can lead to many chronic diseases, including cardiovascular disease,
type 2 diabetes, osteoporosis, pulmonary disease, depression, migraine headaches, inflammation,
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and tumors [13]. Many earlier studies proved that dietary magnesium intake is inversely correlated
with serum C-reactive protein (CRP) which is an established biomarker of inflammation [14–18].
As hyperuricemia was positively connected with CRP [19–21], uric acid may also have a role in
inflammation and subsequent inflammatory related diseases [22]. Although magnesium intake may
represented an essential and potentially modifiable link to hyperuricemia certain extent, there were only
two previous studies investigating the relationship between magnesium intake and hyperuricemia,
one revealed a relationship between magnesium deficiency and increased serum uric acid level with
94 diabetic retinopathy patients [23], and another showed that dietary magnesium intake was inversely
associated with hyperuricemia in Chinese male [24].

No known studies have explored the association between dietary magnesium intake and
hyperuricemia using a nationally representative sample in US. Therefore, the purpose of this
cross-sectional study is to assess this correlation in US population with a hypothesis that dietary
magnesium intake is inversely correlated with hyperuricemia.

2. Materials and Methods

2.1. Study Populations

This cross-sectional study used data from the National Health and Nutrition Examination Survey
(NHANES), which is a nationally representative survey managed by the Centers for Disease Control
and Prevention (CDC) [25]. NHANES is a consecutive survey with every two years, representing
one cycle of the US civilian noninstitutionalized population, using a stratified, multistage sampling
design. The program covers clinical, physical, laboratory examinations, as well as interviews to get
diet and health indicators. NHANES is a publicly available dataset, which resides in the public
domain (available on the web at: http://www.cdc.gov/nchs/nhanes.htm). The NCHS Research Ethics
Review Board at the National Center for Health Statistics approved the study protocols for NHANES
1999–2016 [26], and additional Institutional Review Board approval for the secondary analyses was
not required [27].

A total of 37,215 individuals from 2001 to 2014 aged 20–85 years with uric acid value constituted
the study sample. We excluded pregnant women (n = 1507) and those with missing essential
information on demographic or total nutrient intakes dietary interview (n = 8912). After exclusion,
26,796 subjects (13,807 men and 12,989 women) were included in our study.

2.2. Study Variables

The major variables included concentrations of uric acid and the intake of magnesium.
Serum concentrations of uric acid were detected on a Beckman UniCel® DxC800 Synchron or a
Beckman Synchron LX20 (Beckman Coulter, Inc., Brea, CA, USA) after oxidation of uric acid by
uricase to form allantoin and H2O2. Hyperuricemia was defined as serum uric acid ≥7.0 mg/dL in
males and ≥6.0 mg/dL in females. The intake of magnesium, energy, and protein were collected
from total nutrient intakes provided by the first 24 h dietary recall interview which was obtained
in-person in the Mobile Examination Center (MEC). Using estimated amounts of foods, nutrient
intakes were computed at the individual-level using a revised nutrient database that converted
amounts of specific food intakes into amounts of various nutrients [28], detailed descriptions
of the dietary interview methods are provided in the NHANES Dietary Interviewers Procedure
Manuals [29]. In addition, factors that had been proved to be correlated with the intake of magnesium
as well as hyperuricemia were included in regression models to control for potential confounding.
The covariates included age, race/ethnicity, marital status, education background, smoking status,
drinking status, body mass index (BMI), waist circumference, hypertension status, diabetes status,
energy intake, protein intake, creatinine, gamma glutamyl transferase (GGT), total cholesterol, glucose,
triglycerides, and high-density lipoprotein cholesterol (HDL-C). We categorized race/ethnicity as
non-Hispanic white, non-Hispanic black, Mexican American, and others (other Hispanics and
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multi-racial participants). Education background was classified into above high school, high school
graduation/General Educational Development (GED), and less than high school. Diabetes status was
obtained from self-report. BMI (kg/m2) was computed from weight and height. Hypertension was
defined as systolic blood pressure ≥140 mm Hg or diastolic blood pressure ≥90 mm Hg.

2.3. Statistical Analyses

Respondents were grouped into five levels, according to the magnesium intake quintile: <176 (Q1),
176–234 (Q2), 235–298 (Q3), 299–387 (Q4), and ≥388 mg/day (Q5) for entire respondents; <200 (Q1),
200–265 (Q2), 266–334 (Q3), 335–432 (Q4), and ≥433 mg/day (Q5) for males; <158 (Q1), 158–207 (Q2),
208–260 (Q3), 261–336 (Q4), and ≥337 mg/day (Q5) for females. The continuous variable was
presented as median and Inter-Quartile Range (skewed distributed data), and the categorical variable
was expressed as percentage. Wilcoxon signed-rank test was used to compare the magnesium
intake and the population RDAs (RDAs for magnesium were 400 mg/day for male aged 19–30,
420 mg/day for male aged 30 and over; 310 mg/day for female aged 19 and 30, 320 mg/day for
female aged 30 and over [12]). Differences in continuous variable were assessed by the Wilcoxon
rank sum test and Kruskal-Wallis H test (non-normally distributed data and heteroscedasticity).
Differences in categorical variable were evaluated by the chi-square test and multiple comparisons
based on Bonferroni correction. Multivariable logistic regression analysis was used to estimate the
odds ratio (OR) and 95% confidence interval (CI) of hyperuricemia, according to the magnesium
intake quintile for male and female separately, with the lowest quintile and the fourth quintile
being considered as the references, respectively. Models 1 and 4 adjusted for age, race/ethnicity.
Based on models 1 and 4, models 2 and 5 further adjusted for smoking status, drinking status,
education background, marital status, hypertension status and diabetes status. Models 3 and 6
further adjusted for creatinine, GGT, energy intake, protein intake, total cholesterol, glucose, BMI,
waist circumference, HDL-C, and triglycerides. The lowest quintile (Q1) was regarded as the reference
in Models 1, 2 and 3. The fourth quintile (Q4 contains the recommended amount) was regarded as the
reference in Models 4, 5 and 6. All of the p values were two-sided, p < 0.05 was regarded as statistically
significant, and p < 0.0125 (0.05/4), p < 0.0167 (0.05/3), p < 0.025 (0.05/2) was considered as statistical
significance after Bonferroni adjustment for multiple comparisons. All of the analyses were performed
using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA).

3. Results

The daily magnesium intake was 301 mg (215 mg–414 mg) for male aged 20–30 years, 299 mg
(217 mg–400 mg) for male aged 31–85 years, 226 mg (164 mg–306.5 mg) for female aged 20–30 years,
and 234 mg (173 mg–314 mg) for female aged 31–85 years, all significantly lower than their respective
RDAs [12], as is shown in Table 1. The result of comparing the indicators between hyperuricemia and
non-hyperuricemia for both sexes is shown in Table 2. For male, except for marital status (p = 0.3895),
drinking status (p = 0.1323), and diabetes status (p = 0.2630), other indicators were all significantly
different between hyperuricemia and non-hyperuricemia. Compared to the participants without
hyperuricemia, those with hyperuricemia were more likely to be older, non-Hispanic black, former
smoker, have hypertension, less likely to be Mexican American, currently smoking, have higher
BMI, waist circumference, creatinine, GGT, total cholesterol, glucose, triglycerides, and have
lower magnesium intake, energy intake, protein intake, HDL-C. For female, all of the indicators
were significantly different between hyperuricemia and non-hyperuricemia. Participants with
hyperuricemia were more likely to be older, non-Hispanic black, high school or GED, living alone,
never drinking, former drinking, former smoking, have hypertension and diabetes, less likely
to be Mexican American, above high school, married or living with partner, currently drinking,
never smoking, have higher BMI, waist circumference, creatinine, GGT, total cholesterol, glucose,
triglycerides, and have lower energy intake, protein intake, magnesium intake, and HDL-C than
normal individuals. More detailed information is presented in Supplementary Table S1.
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Table 1. Magnesium intake among United States (US) adults (>19 years) in NHANES 2001–2014.

Age (Years) RDAs for Magnesium (mg/Day) Magnesium Intake (mg/Day) p

20–30 a 400.00 301.00 (215.00, 414.00) <0.0001
31–85 a 420.00 299.00 (217.00, 400.00) <0.0001
20–30 b 310.00 226.00 (164.00, 306.50) <0.0001
31–85 b 320.00 234.00 (173.00, 314.00) <0.0001

a Male; b Female.

A description of the characteristics of study participants according to the intake of magnesium is
shown in Table 3. Significant differences were detected across all quintiles of magnesium intake for
age, gender, race/ethnicity, marital status, education background, smoking status, drinking status,
BMI, waist circumference, hypertension status, diabetes status, hyperuricemia, energy intake, protein
intake, creatinine, GGT, glucose, triglycerides, and HDL-C. No significant relationship was found
between magnesium intake and total cholesterol (p = 0.2454). More detailed information is presented
in Supplementary Table S2. Participants with higher magnesium intake were more likely to be younger,
male, and less likely to be hypertension, diabetes, and hyperuricemia.

The correlation between magnesium intake and hyperuricemia was examined by multivariable
model, as is shown in Table 4. The results suggested a strong inverse relationship between magnesium
intake and hyperuricemia in this cross-sectional study. Among all participants, the prevalence of
hyperuricemia was 20.33%. For male, the prevalence of hyperuricemia was 22.66%, when compared
to those consuming less than 200 mg magnesium daily, the relative odds of hyperuricemia were
significantly decreased by 0.83 times among those that were consuming 200–265 mg magnesium
daily (OR = 0.83, 95% CI: 0.72–0.95), 0.74 times among participants who consumed 266–334 mg
daily (OR = 0.74, 95% CI: 0.64–0.85), 0.78 times among those consuming 335–432 mg daily (OR = 0.78,
95% CI: 0.67–0.90), and by 0.70 times among those consuming 433 mg or greater daily (OR = 0.70,
95% CI: 0.58 to 0.84), respectively, and p for trend was 0.0003. For female, the prevalence of
hyperuricemia was 17.87%, the OR were decreased by 0.75 times among those consuming 261–336 mg
magnesium daily (OR = 0.75, 95% CI: 0.62–0.90), when compared to those consuming less than 158 mg
daily and p for trend was 0.0242. Furthermore, for male, compared to Q4 of magnesium intake (contains
recommended amounts), the relative odds of hyperuricemia were increased by 1.29 times in those
consuming less than 200 mg magnesium daily (OR = 1.29, 95% CI: 1.11–1.50). For female, the ORs
were increased by 1.33 times (OR = 1.33, 95% CI: 1.11–1.61) in those consuming less than 158 mg daily,
and by 1.27 times (OR = 1.27, 95% CI: 1.07–1.50) in those consuming 158 to 207 mg daily.
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4. Discussion

In this cross-sectional study, we found that dietary magnesium intake was inversely associated
with hyperuricemia in both male and female among US adults, after adjusting for major confounding
factors, including age, race/ethnicity, smoking status, drinking status, education background,
marital status, hypertension status, diabetes status, creatinine, GGT, energy intake, protein intake,
total cholesterol, glucose, BMI, waist circumference, HDL-C, and triglycerides.

To the best of our knowledge, this is the first and the largest population-based study revealing the
relationship between dietary magnesium intake and hyperuricemia in both male and female using a
nationally representative sample of US adults. Our findings suggested that magnesium intake was
inversely associated with the risk of hyperuricemia. Another similar research in the south India found
an inverse correlation between the magnesium and the uric acid level among 94 diabetic retinopathy
patients [23]. A cross-sectional study involving 5168 subjects aged 40 years old or above in China has
shown a negative association between dietary magnesium intake and hyperuricemia valid for man
merely [24], which is different from our result that the inverse association between hyperuricemia
and dietary magnesium intake was observed in both men and women. Several factors may account
for the difference. Firstly, when compared to previous studies, the sample of our study is the largest
(26,796 American adults, including 13,807 men and 12,989 women). Secondly, the participants included
women of all ages (20–85 years) and excluded pregnant women, while the subjects in the previous
study in China were aged 40 years old or above and the effect of dietary magnesium intake on the
exact magnesium level in bodies may be mitigated in middle aged and old women because of their
lower serum estrogen level [30]. Thirdly, our study focused on American adults.

Previous studies showed that the dairy product consumption and vitamin C might be helpful in
protection against hyperuricemia [31–34]. The intake of soy products are inversely associated with
hyperuricemia [35], vegetable and dairy protein, nuts, legumes, fruits with less sugar, and whole grains
would likely lower the risk of gout [36]. Thus, hyperuricemia may be related to dietary modification.
Our findings showed that increased magnesium intake may decrease the risks of hyperuricemia.
Similarly, magnesium is a component of chlorophyll and green leafy vegetables is an important source.
Legumes, fruits, and white vegetables are good dietary sources of magnesium. Besides, nuts, seeds,
whole grains, and fortified foods are all rich in magnesium [12,37,38]. In general, foods containing
dietary fiber can provide magnesium. Fiber has been identified as being beneficial for intestinal
motility and as having a potential act in binding uric acid in the gut for excretion. Therefore, adequate
magnesium intake in the diet seems particularly effective in decreasing hyperuricemia risk.

Our results showed that the everyday intake of magnesium in US adults were lower than the
recommended amounts, and indicated the importance of RDAs for magnesium: persons with lower
intake of magnesium (less than 200 mg per day in male, less than 208 mg per day in female) may have a
higher risk of hyperuricemia when compared to those following RDAs of magnesium intake. For males,
the RDAs for magnesium ranges from as low as 400 mg/day (age of 19–30 years) to 420 mg/day (age
of 30 and over). For females, the RDAs for magnesium ranges from 310 mg/day (age of 19–30 years)
to 320 mg/day (age of 30 and over) [12]. Our findings suggested that adequate magnesium intake may
have a potential function in the prevention of hyperuricemia, it is beneficial for individuals to keep
sufficient magnesium intake, as suggested by RDAs through daily meals to prevent or decrease the
risk of hyperuricemia.

The biological mechanism underlying the association between dietary magnesium intake and the
prevalence of hyperuricemia was not completely understood, but may be related to the inflammatory
mechanism. Laboratory studies have linked magnesium insufficiency to acute inflammatory response
mediated by calcium, N-methyl-D-aspartate, interleukin-6 (IL-6), and tumor necrosis factor-alpha
(TNF-α) [39]. Several epidemiological studies discovered that lower magnesium intake was inversely
associated with higher CRP [18–22], which is a well-documented biomarker of inflammation in
adults [40,41], children [15], and obese patients [42]. A meta-analysis and systematic review,
which included seven cross-sectional studies approved that dietary magnesium intake was inversely
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correlated with CRP [14]. In addition, many studies reported that hyperuricemia was associated
positively with TNF-α, IL-6 and CRP, which suggested that uric acid may have a role in inflammation
and subsequent inflammatory related diseases [22,43–45]. Moreover, increasing the blood level of
uric acid can produce inflammation in the joints and surrounding tissues when crystallized [46].
Further studies are required to investigate the biological mechanism between dietary magnesium
intake and hyperuricemia.

In addition, previous studies have shown that growing age and BMI were related to increased
hyperuricemia risk, and hypertension may play an independent role for hyperuricemia [10].
Hyperuricemia may also be linked to serum creatinine levels since uric acid had been confirmed
to be an influence factor for renal failure [47]. Our study showed that participants with hyperuricemia
were more likely to be older, have hypertension, and have higher BMI and creatinine than normal
individuals. Previous studies reported that increasing the intake of magnesium in conjunction with
taurine can lower blood pressure and improve blood lipid profiles and decrease cardiovascular
diseases [48]. Magnesium intake was inversely associated with arterial calcification too, as has been
proved in another study [49]. A meta-analysis found that the risk of diabetes decreased when increasing
magnesium intake [50]. In our study, participants with higher magnesium intake were less likely to
have hypertension and diabetes.

Our study has several strengths. Firstly, this is the first study to assess the relationship
between the intake of magnesium and the risk of hyperuricemia among US adults, and use a large
(26,796 participants) and nationally representative sample. Secondly, we adjusted for many important
confounding variables. Thirdly, the use of trained staff following standardized protocols to measure
the basic information of study subjects and conduct interviews improves the precision and efficacy of
the data that is obtained.

Our study also has some limitations. First, our study was a cross-sectional study, which limited the
definition of the causal correlations, further prospective longitudinal investigations would be important
to prove those conclusions. Second, dietary intake levels were estimated from 24 h dietary recall,
which may not exactly describe the long-term magnesium intake situation. However, when compared
with food frequency questionnaires, 24 h recalls provide greater detail on the varieties and quantities of
food eaten and decrease the risk of underestimating or overestimating the intake level of micronutrients.
When compared with the blood concentration measurement, blood level may not completely show
the nutritional situation, and serum magnesium level only represents less than 1% of the total body
magnesium [13]. Finally, further studies are needed to investigate the mechanism of this association.

5. Conclusions

Our findings presented a negative correlation between dietary magnesium intake and
hyperuricemia in both male and female among US adults after adjusting for major confounding
factors. The intake of magnesium of American adults was significantly lower than their respective
RDAs. The study indicated the importance of RDAs of magnesium and the potential function of
magnesium intake in the prevention of hyperuricemia, and suggested that deficient magnesium intake
may increase the risk of hyperuricemia.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/3/296/s1,
Table S1: Dietary and clinical characteristics of participants with and without hyperuricemia, Table S2: Dietary
and clinical characteristics of the participants according to intake of magnesium.
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Abstract: In type 2 diabetes mellitus (T2D), the handling of magnesium is disturbed. Magnesium
deficiency may be associated with a higher risk of coronary heart disease (CHD). We investigated
the associations between (1) dietary magnesium intake; (2) 24 h urinary magnesium excretion;
and (3) plasma magnesium concentration with prevalent CHD in T2D patients. This cross-sectional
analysis was performed on baseline data from the DIAbetes and LifEstyle Cohort Twente-1 (DIALECT-1,
n = 450, age 63 ± 9 years, 57% men, and diabetes duration of 11 (7–18) years). Prevalence ratios (95% CI)
of CHD by sex-specific quartiles of magnesium indicators, as well as by magnesium intake per dietary
source, were determined using multivariable Cox proportional hazard models. CHD was present
in 100 (22%) subjects. Adjusted CHD prevalence ratios for the highest compared to the lowest
quartiles were 0.40 (0.20, 0.79) for magnesium intake, 0.63 (0.32, 1.26) for 24 h urinary magnesium
excretion, and 0.62 (0.32, 1.20) for plasma magnesium concentration. For every 10 mg increase of
magnesium intake from vegetables, the prevalence of CHD was, statistically non-significantly, lower
(0.75 (0.52, 1.08)). In this T2D cohort, higher magnesium intake, higher 24 h urinary magnesium
excretion, and higher plasma magnesium concentration are associated with a lower prevalence
of CHD.

Keywords: coronary heart disease; diabetes mellitus type 2; dietary magnesium intake;
urinary magnesium excretion; plasma magnesium concentration

1. Introduction

Coronary heart disease (CHD) is one of the most prevalent and high-impact complications related
to type 2 diabetes mellitus (T2D) [1,2]. In the general population, magnesium (Mg) deficiency might
be associated with a greater risk of CHD; however, data on the inverse associations between Mg status
and intake and CHD are inconsistent [3–9]. In T2D, the prevalence of hypomagnesemia is increased
14–48%, compared with 3–15% in those without T2D [10,11]. This could partly be due to increased
urinary Mg excretion caused by insulin resistance, and partly due to poor dietary Mg intake [10–13].
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However, surprisingly few studies report on the association between Mg and CHD in patients with
established T2D [14,15].

In the DIAbetes and LifEstyle Cohort Twente (DIALECT), we collected extensive data on dietary
Mg intake, 24 h urinary Mg excretion, and plasma Mg concentration. We aimed to study the association
between the parameters of Mg (i.e., dietary Mg intake, 24 h urinary Mg excretion, and serum Mg
concentration) and CHD. When we found that dietary Mg intake was inversely associated with CHD
risk, we also explored whether there was an association between Mg intake from specific dietary
sources (i.e., cereals, potatoes, etc.) and CHD risk.

2. Materials and Methods

2.1. Study Design

This was a cross-sectional analysis performed in the DIAbetes and LifEstyle Cohort Twente-1
(DIALECT-1). The study population and study procedures have been described previously [16].
The study has been approved by the relevant institutional review boards (METC-Twente, NL57219.044.16;
METC-Groningen, 1009.68020), is registered in the Netherlands Trial Register (NTR trial code 5855),
and is performed according to the guidelines of good clinical practice and the declaration of Helsinki.

2.2. Participants

All patients with T2D treated in the outpatient clinic of our hospital, aged 18+ years, were eligible
for the study. Exclusion criteria were inability to understand the informed consent procedure,
insufficient command of the Dutch language, or dialysis dependency. The inclusion flowchart has
been described previously [16]. In total, 1082 patients were eligible for the study, of which 470 agreed
to participate. The most important reasons for non-participation were no interest in the trial (n = 123),
inability due to co-morbidity (n = 62), and no transport options (n = 58). After the baseline visit,
20 patients were excluded due to the fact that their diabetes diagnosis changed from type 2 diabetes to
type 1 diabetes. Therefore, a total of 450 patients with type 2 diabetes were included in DIALECT-1.
Missing values for specific variables are listed in Table 1.

2.3. Study Procedures

Eligible patients with type 2 diabetes were selected from the electronic patient file. At the clinic,
sociodemographic characteristics, medical history, lifestyle behaviors, and current medications were
recorded and anthropometric dimension were measured. Blood pressure was measured in a supine
position by an automated device (Dinamap®; GE Medical systems, Milwaukee, WI, USA) for 15 min
with a one-minute interval. The mean systolic and diastolic pressure of the final three measurements
was used for further analysis. Physical activity was assessed using the Short QUestionnaire to ASses
Health enhancing physical activity (SQUASH) questionnaire, which was previously validated and is
commonly used in the Netherlands for population research [17].

Blood was drawn from venipuncture, for measurement of Mg and other variables relevant for
diabetes. 24 h urine collections were performed as prescribed previously [16]. Samples of blood and
urine were stored at −80 ◦C for later analysis.
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Table 1. Baseline characteristics of patients with type 2 diabetes mellitus (T2D) by a breakup of
prevalent coronary heart disease (CHD).

Total
Population

No CHD CHD p-Value

n n = 450 n = 350
(78%)

n = 100
(22%)

Patient characteristics

Age, years 450 63 ± 9 62 ± 9 66 ± 7 <0.001
Male, n (%) 450 261 (58) 190 (54) 71 (71) 0.003

Diabetes duration, years 450 11 (7–18) 11 (7–17) 13 (7–20) 0.15
Systolic blood pressure, mmHg 449 136 ± 16 136 ± 16 136 ± 19 0.81
Diastolic blood pressure, mmHg 449 74 ± 9 75 ± 9 72 ± 10 0.01

Heart rate, beats/min 444 74 ± 13 75 ± 13 69 ± 11 <0.001
Body surface area, m2 448 2.10 ± 0.22 2.10 ± 0.23 2.07 ± 0.19 0.27

Urinary creatinine excretion, μmol/24 h 446 13.8 ± 4.8 13.8 ± 5.0 13.8 ± 4.2 0.97

Complications

Cerebrovascular disease, n (%) 450 47 (11) 87 (22) 13 (27) 0.44
Peripheral artery disease, n (%) 450 44 (10) 80 (20) 20 (44) <0.001

Retinopathy, n (%) 447 106 (24) 78 (23) 32 (32) 0.05
Neuropathy, n (%) 450 157 (36) 116 (33) 46 (46) 0.02

Diabetic nephropathy, n (%) 446 183 (42) 131 (38) 58 (58) <0.001
eGFR < 60 mL/min·1.73 m2 450 101 (23) 74 (21) 30 (30) 0.06

Microalbuminuria, n (%) 445 131 (30) 92 (27) 44 (44) 0.001

Lifestyle

Body mass index, kg/m2 448 32.8 ± 6.2 33.1 ± 6.4 32.1 ± 5.6 0.15
Body mass index ≥ 30 kg/m2, n (%) 448 290 (65) 233 (67) 57 (58) 0.12

Smoking, former or current, n (%) 450 306 (70) 235 (67) 78 (78) 0.04
Alcohol 424

No alcohol, n (%) 148 (36) 123 (37) 32 (34) 0.80
0–13 units per week, n (%) 206 (50) 159 (48) 49 (52)
≥14 units per week, n (%) 61 (15) 47 (14) 14 (15)

Adherence guideline physical activity, n (%) 433 249 (59) 201 (60) 52 (54) 0.34

Pharmacological treatment

Insulin use, n (%) 450 275 (63) 218 (62) 68 (68) 0.30
Statin use, n (%) 450 331 (76) 254 (73) 86 (86) 0.006

Beta blocker treatment, n (%) 450 202 (46) 131 (37) 77 (77) <0.001
RAAS inhibition, n (%) 450 289 (66) 225 (64) 73 (73) 0.10

Calcium antagonists, n (%) 450 98 (22) 66 (19) 36 (36) <0.001
Thiazide diuretics, n (%) 450 136 (31) 108 (31) 29 (29) 0.72

Loop diuretics, n (%) 450 75 (17) 48 (14) 33 (33) <0.001
Number of antihypertensives 450 2 (1–3) 2 (1–3) 3 (2–4) <0.001

Magnesium parameters

Dietary magnesium intake *, mg/day 438 305 ± 46 309 ± 47 292 ± 40 0.001
Urinary magnesium excretion, mmol/24 h 402 3.94 ± 2.05 4.03 ± 2.05 3.66 ± 2.02 0.13
Plasma magnesium concentration, mmol/L 432 0.77 ± 0.09 0.78 ± 0.08 0.76 ± 0.09 0.06

Hypomagnesemia, n (%) 432 73 (17) 53 (16) 20 (20) 0.35

Serum values

Total cholesterol, mmol/L 447 4.0 ± 0.9 4.1 ± 0.9 3.8 ± 1.1 0.04
HDL cholesterol, mmol/L 445 1.1 ± 0.3 1.2 ± 0.4 1.0 ± 0.3 <0.001
LDL cholesterol, mmol/L 428 2.0 ± 0.7 2.0 ± 0.7 1.9 ± 0.8 0.25

HbA1c, mmol/mol 448 57 ± 12 57 ± 12 58 ± 12 0.43

Dietary intake

Total energy intake, kcal/day 438 1922 ± 629 1904 ± 649 1932 ± 630 0.71
Urinary sodium excretion, mmol/24 h 444 185 ± 79 183 ± 67 197 ± 84 0.14

Urinary potassium excretion, mmol/24 h 439 77 ± 25 78 ± 26 77 ± 21 0.87
Calcium intake, mg/day 438 969 ± 441 979 ± 467 905 ± 358 0.16

Fiber intake, g/day 438 20.9 ± 6.6 20.8 ± 7.0 20.4 ± 6.1 0.60
Cholesterol, g/day 438 194 ± 96 195 ± 101 188 ± 79 0.51

Total fat intake, g/day 438 79 ± 39 78 ± 34 81 ± 34 0.52
Total protein intake, g/day 438 79 ± 23 79 ± 24 76 ± 22 0.18

Total carbohydrate intake, g/day 438 207 ± 69 205 ± 72 209 ± 67 0.61

CHD: coronary heart disease, eGFR: estimated glomerular filtration rate (CKD-EPI), HDL: high density lipoprotein,
LDL: low density lipoprotein, HbA1c: glycated hemoglobin. * Dietary magnesium intake was adjusted for total
energy intake using the residual method.
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2.4. Magnesium Measurements

We calculated dietary Mg intake using a semi-quantitative food frequency questionnaire (FFQ),
inquiring about the intake of 177 items during the last month, taking seasonal variations into
account [18]. The FFQ was developed and validated at the Wageningen University, and has been
updated several times. For each food item, the frequency was recorded in times per day, week,
or month. The number of servings was expressed in natural units (e.g., a slice of bread or a whole
apple) or household measures (e.g., cup or spoon). Both questionnaires were self-administered and
filled in at home. The filled-in questionnaires were checked for completeness by a trained researcher,
and inconsistent answers were verified with the patients. If the patient could not remember an exact
number, the trained researcher approximated the intake as closely as possible during the interview.
Dietary data was converted into daily nutrient intake using the Dutch Food Composition Table of
2013 [19]. We calculated the average intake of Mg by multiplying the frequency of consumption of
each food item by its Mg content in the Dutch Food Composition Table of 2013 [19], and summing
the amount of Mg across all food items. We calculated Mg intake from different food categories by
multiplying the frequency of consumption of each food item in that specific category by its Mg content,
and summing across all food items in that category. Food items of the FFQ included in each category
are listed in supplementary Table S1.

Plasma and urinary Mg were measured in stored plasma samples in routine laboratory
measurements using the xylidyl blue method. Buffer/Ethylenediaminetetraacetic acid was added
to mask calcium. After incubation, xylidyl blue was added to form a purple complex with Mg.
Mg concentration was determined by the photometric measurement of xylidyl blue extinction.
The detection range for plasma Mg was 0.1–5 mmol/L, and for 24 h urinary Mg the range was
0.5–25 mmol/L. There were no patients with values outside of the detection ranges. Hypomagnesemia
was defined as serum Mg concentration <0.70 mmol/L.

2.5. Main Study Outcome

Coronary heart disease (CHD) is defined as physician-diagnosed unstable angina pectoris or
myocardial infarction, percutaneous coronary intervention, or a coronary artery bypass graft in the
medical history. Medical history was checked for CHD during the interview at the baseline visit,
and was later reviewed in the hospital electronic patient files on three different occasions, by three
different physician researchers, who were unware of the magnesium data.

2.6. Statistics

All statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS),
version 23.0. Normally-distributed data are presented as mean ± standard deviation. Skewed variables
are expressed as median (interquartile range). Dichotomous variables are presented in number and
percentage. Dietary intake of Mg was adjusted for energy intake by the residual method [20].

Differences between T2D patients with and without CHD were determined using the Student t
(normal distribution), Mann–Whitney U (skewed distribution), or Chi-Square (categorical variables)
test. In order to examine parameters associated with magnesium intake, we divided the population into
sex-specific quartiles of adjusted magnesium intake. Differences between the quartiles were assessed
using one-way ANOVA (normal distribution), Kruskal–Wallis (skewed distribution), or Chi-Square
(categorical variables) analysis.

Correlations between Mg parameters were assessed using Pearson’s correlation coefficient.
We calculated the prevalence ratio (95% CI) of CHD by sex-specific quartiles of (1) dietary Mg

intake; (2) 24 h urinary Mg excretion; and (3) plasma Mg concentration, using multivariable Cox
proportional hazard models, with the time to event set at 1 for all patients. The models were adjusted
for the potential confounding of lifestyle parameters (BMI, smoking, alcohol, and physical activity)
and nutritional intake (24 h urinary sodium excretion and 24 h urinary potassium excretion) [3,21].
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There was a strong correlation between dietary calcium and Mg intake (R = 0.70), therefore we did
not adjust for calcium intake in the final model. Effect modification was checked for gender, BMI,
smoking, and alcohol, and no significant effect modification was found (p > 0.20 for all interaction
terms). Sensitivity analyses were performed by excluding patients with diabetic kidney disease,
and prevalence ratios were similar as in the primary analyses.

Additionally, we performed multivariable Cox proportional hazard models, and calculated the
prevalence ratios of CHD for each 10 mg increment of dietary Mg intake from different sources
(cereals, dairy, coffee, potatoes, meat, legumes and nuts, fruit, vegetables, and other). The models were
adjusted for potential confounding of lifestyle parameters (age, BMI, smoking, alcohol, and physical
activity) and Mg intake from the miscellaneous sources.

3. Results

In total, 450 patients with T2D were included in DIALECT-1. Baseline characteristics are shown
in Table 1. In short, patients were 63 ± 9 years old, and the majority of the population was male (57%).
The population represents T2D in secondary health care, with a median diabetes duration of 11 (7–18)
years, and a high prevalence of diabetic nephropathy (42%).

There were 100 (22%) CHD cases diagnosed in our population (Table 1). T2D patients with CHD
were older (66 ± 7 vs. 62 ± 9 years, p < 0.001), were more often men (71% vs. 54%, p = 0.003), and more
often had peripheral artery disease (44% vs. 20%, p < 0.001), and nephropathy (58% vs. 38%, p < 0.001)
than patients without CHD. There were no differences in lifestyle parameters between those with and
without CHD. Regarding pharmacological treatment, those with CHD more often used beta-blockers
(77% vs. 37%, p < 0.001), and loop diuretics (33% vs. 14%, p < 0.001) than those without CHD. This was
paralleled by a lower diastolic blood pressure (72 ± 10 mmHg vs. 75 ± 9 mmHg, p = 0.01) and heart
rate (69 ± 11 beats/min vs. 75 ± 13 beats/min, p < 0.001) in patients with CHD. Systolic blood pressure
was 136 ± 16 mmHg, and did not differ between the groups. Although patients with CHD more
often used statins (86% vs. 73%, p = 0.006), serum LDL was similar in the groups (2.0 ± 0.7 mmol/L),
and serum HDL cholesterol was lower in those with CHD (1.0 ± 0.3 mmol/L vs. 1.2 ± 0.4 mmol/L,
p < 0.001) compared to those without CHD.

Mean energy-adjusted dietary Mg intake was 305 ± 46 mg/day, and was lower in those
with CHD (adjusted standardized beta = −0.14, p = 0.003). Mean 24 h urinary Mg excretion was
3.94 ± 2.05 mmol/24 h, and mean plasma Mg concentration was 0.77 ± 0.09 mmol/L; neither
differed statistically significantly between those with and without CHD (Table 1). Hypomagnesemia
(plasma Mg < 0.7 mmol/L) was present in 73 patients (17%), of which 11 patients (3%) had a plasma
Mg of <0.6 mmol/L.

Dietary Mg intake was significantly correlated with 24 h urinary Mg excretion (Pearson R = 0.24,
p < 0.001), but not with plasma Mg (R = 0.02, p = 0.64). 24 h urinary Mg excretion was significantly
correlated with plasma Mg (R = 0.13, p < 0.008).

Systolic blood pressure was lowest in the highest gender-specific quartile of energy-adjusted
magnesium intake (4th quartile 133 ± 13 vs. 1st quartile 137 ± 17 mmHg; Supplementary Table S2),
and the number of antihypertensive drugs used was lowest in this quartile as well (4th quartile 2 (0–3)
vs. 2 (1–3) in other quartiles, p = 0.008). Serum HbA1c and cholesterol levels were similar in all Mg
intake quartiles. There was a trend towards higher urinary potassium excretion, dietary calcium, fiber,
protein, and carbohydrate intake, as well as a lower dietary intake of fat in each of the higher quartiles
of magnesium intake.

3.1. Association between Dietary Magnesium Intake, 24 h Urinary Magnesium Excretion, Plasma Magnesium
Concentration, and the Prevalence of Coronary Heart Disease

The highest quartile of Mg intake was significantly associated with a lower prevalence ratio (PR)
of CHD than the lowest quartile of Mg intake (0.40 (0.20, 0.77); Table 2). When adjusting for age and
lifestyle parameters (BMI, smoking, alcohol, and physical activity), the PR remained largely unchanged
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(0.42 (0.22, 0.82)). After adjustment for dietary intake of other micronutrients (total energy intake,
sodium, and potassium), the PR became (0.40 (0.20, 0.79)), and the p-trend was 0.01.

There was a similar trend towards a lower prevalence of CHD in the highest quartile of 24 h
urinary Mg excretion, which was not statistically significant (PR 0.63 (0.33, 1.19)). After adjustment for
lifestyle and nutritional factors, the PR remained similar (0.63 (0.32, 1.26)). Also, the highest quartile of
plasma Mg concentration had a non-significant trend towards a lower prevalence of CHD (unadjusted
PR 0.60 (0.31, 1.14), adjusted PR 0.62 (0.32, 1.20)). The PR ratios for dietary Mg intake, urinary Mg
excretion and plasma Mg concentration did not change after further adjustment for other classic CHD
risk factors, namely systolic blood pressure and LDL cholesterol (data not shown).

Table 2. Prevalence ratios (95% CI) for associations between dietary, urinary and plasma Magnesium
and coronary heart disease in type 2 diabetes from the DIAbetes and LifEstyle Cohort Twente
(DIALECT) (n = 450).

Quartile 1 Quartile 2 Quartile 3 Quartile 4 p-Trend

Dietary Mg intake *, mg/day 254 ± 25 291 ± 7 315 ± 8 361 ± 39
n cases/n total 33/109 25/110 23/110 13/109

Model 1 a 1.00 0.71 (0.42, 1.22) 0.64 (0.37, 1.10) 0.40 (0.20, 0.77) 0.005
Model 2 b 1.00 0.72 (0.42, 1.23) 0.69 (0.40, 1.21) 0.42 (0.22, 0.82) 0.01
Model 3 c 1.00 0.71 (0.41, 1.23) 0.72 (0.41, 1.27) 0.40 (0.20, 0.79) 0.01

Urinary Mg excretion, mmol/24 h 1.81 ± 0.63 3.05 ± 0.32 4.32 ± 0.57 6.64 ± 1.75
n cases/n total 24/101 24/100 19/101 15/100

Model 1 a 1.00 0.95 (0.54, 1.67) 0.73 (0.39, 1.35) 0.63 (0.33, 1.19) 0.24
Model 2 b 1.00 1.28 (0.71, 2.30) 0.96 (0.51, 1.82) 0.74 (0.39, 1.42) 0.33
Model 3 c 1.00 1.27 (0.70, 2.30) 0.85 (0.44, 1.65) 0.63 (0.32, 1.26) 0.13

Plasma Mg concentration, mmol/L 0.67 ± 0.06 0.75 ± 0.02 0.80 ± 0.02 0.88 ± 0.04
n cases/n total 29/113 22/106 27/111 16/102

Model 1 a 1.00 0.91 (0.52, 1.60) 1.03 (0.60, 1.77) 0.60 (0.31, 1.14) 0.15
Model 2 b 1.00 0.91 (0.51, 1.62) 1.09 (0.63, 1.89) 0.58 (0.30, 1.12) 0.17
Model 3 c 1.00 0.91 (0.51, 1.63) 1.12 (0.65, 1.94) 0.62 (0.32, 1.20) 0.26

a Model 1: Crude model b Model 2: Adjusted for age (years), BMI (kg/m2), smoking (never, former or current),
alcohol consumption (none, 1–13 units per week, ≥14 units per week), physical activity (not adherent to guideline,
adherent to guideline).c Model 3: Model 2 + Total energy intake (kcal), 24 h urinary sodium excretion (mmol/24 h)
and 24 h urinary potassium excretion (mmol/24 h).* Dietary magnesium intake was adjusted for total energy intake
using the residual method.

3.2. Analysis on Source of Magnesium Intake and Prevalence of CHD

We performed an explorative analysis whether there was an association between Mg intake from
specific dietary sources and CHD. The largest dietary contributors to total dietary Mg intake for patients
with T2D (Figure 1) were cereals at 22% (16–26%), dairy at 14% (10–20%), coffee at 9% (6–13%), potatoes
at 7% (4–10%), meat at 6% (5–8%), legumes and nuts at 6% (4–11%), fruit at 5% (3–8%), and vegetables
with 3% (2–5%). We found no statistically significant association between Mg intake from specific food
groups and CHD (Table 3). However, there was a non-significant trend towards a lower prevalence of
CHD for every 10 mg increase of dietary Mg intake derived from vegetables (PR 0.75 (0.52, 1.08)).

48



Nutrients 2018, 10, 307

 

Figure 1. Sources of magnesium intake from different food product categories in patients with T2D.

Table 3. Prevalence ratios (95% CI) for associations between magnesium intake from different food
sources in type 2 diabetes patients from the DIALECT cohort (n = 450).

Model 1 a Model 2 b Model 3 c

Source of magnesium intake PR (95% CI) PR (95% CI) PR (95% CI)
Magnesium intake from cereals *, 10 mg/day 1.02 (0.94, 1.10) 1.02 (0.94, 1.10) 0.95 (0.86, 1.05)
Magnesium intake from dairy *, 10 mg/day 0.95 (0.87, 1.03) 0.95 (0.87, 1.03) 0.92 (0.84, 1.01)
Magnesium intake from coffee *, 10 mg/day 0.95 (0.83, 1.06) 0.95 (0.83, 1.08) 0.96 (0.84, 1.10)

Magnesium intake from potatoes *, 10 mg/day 1.03 (0.87, 1.22) 1.02 (0.86, 1.21) 0.97 (0.80, 1.16)
Magnesium intake from meat *, 10 mg/day 0.91 (0.70, 1.20) 0.91 (0.69, 1.19) 0.80 (0.59, 1.09)

Magnesium intake from legumes & nuts *, 10 mg/day 0.96 (0.89, 1.05) 0.96 (0.88, 1.06) 0.95 (0.86, 1.05)
Magnesium intake from fruit *, 10 mg/day 1.00 (0.81, 1.23) 0.98 (0.79, 1.20) 0.96 (0.78, 1.19)

Magnesium intake from vegetables *, 10 mg/day 0.71 (0.51, 1.01) 0.71 (0.50, 1.01) 0.75 (0.52, 1.08)
Magnesium intake from miscellaneous sources *, 10 mg/day 0.95 (0.89, 1.02) 0.95 (0.89, 1.03) 0.90 (0.82, 0.99)

a Model 1: Crude model b Model 2: Adjusted for age (years), BMI (kg/m2), smoking (never, former/current), alcohol
consumption (none, 1–13 units per week, ≥14 units per week), physical activity (not adherent to guideline, adherent
to guideline).c Model 3: Model 2 + Total energy intake (kcal), magnesium intake from the other sources (cereals
(mg/day), dairy (mg/day), coffee (mg/day), potatoes (mg/day), meat (mg/day), legumes and nuts (mg/day),
fruit (mg/day), vegetables (mg/day), and other (mg/day)). * Magnesium intake from food sources was adjusted
for total energy intake using the residual method. An increment of 10 mg magnesium intake per day was used to
calculate PR.PR, prevalence ratio; CI, confidence interval.

4. Discussion

We found inverse associations for dietary Mg intake, 24 h urinary Mg excretion, and plasma Mg
concentration with the prevalence of CHD in patients with T2D. As far as we know, this is the first
study in T2D patients which simultaneously reports on these three Mg parameters in relation to CHD.
The inverse association between dietary Mg intake and the prevalence of CHD we found was strongest
for Mg intake derived from vegetables, albeit not statistically significant.

The mean dietary Mg intake we report (305 ± 46 mg/day) was somewhat lower than the median
Mg intake in the general Dutch population, which is around 350 mg/day [22], but was comparable
to median Mg intake of population studies in the U.S. (308 mg/day) [4]. We found that in the Dutch
population, cereals, dairy, and coffee intake were the largest contributors to total Mg intake, at 22%,
14%, and 9% respectively. This was somewhat different from the U.K. population, where cereals (34%),
meat (19%), and dairy (18%) intake were the most important contributors [23]. In contrast, in the U.S.
population the most important food groups were vegetables (13%), milk (8%), and meat (7%) [24].
It should be noted that different groupings of food products renders a head-to-head comparison
between these percentages difficult. The 24 h urinary Mg excretion we report (4.0 ± 2.1 mmol/24 h)
was in line with the general population the Netherlands (4.2 ± 1.7 mmol/24 h for men and
3.5 ± 1.4 mmol/24 h for women) [5]. Plasma Mg concentration (0.77 ± 0.09 mmol/L) was similar
to an earlier report about Dutch diabetes patients (0.74 ± 0.10 mmol/L) [25]. The prevalence of
hypomagnesemia we found (17%) was in the range of the reported prevalence of hypomagnesemia
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in patients with T2D, between 14% and 48% [10,11], and emphasizes that clinical vigilance for
hypomagnesemia is warranted in T2D, because it is associated with increased insulin resistance
and faster renal function decline [26].

We are the first to report an inverse association between dietary Mg intake and the prevalence
of CHD in T2D. In contrast, a large meta-analysis in non-T2D patients demonstrated no association
between dietary Mg intake and incident CHD [9]. However, low dietary Mg intake was associated with
a higher risk of stroke, heart failure, new-onset diabetes, and all-cause mortality [9]. It is known that in
T2D renal wasting of Mg occurs [27]. Additionally, Mg supplementation in T2D can improve insulin
sensitivity and metabolic control [28]. Possibly, an adequate Mg intake in patients with T2D is even
more important than in those without T2D, in order to maintain an adequate Mg status and prevent
diabetes-related complications. These data fuel the hypothesis that magnesium intake is beneficial in
T2D patients.

In addition, when investigating Mg intake from specific food sources, we found the strongest
inverse association between Mg derived from vegetables and CHD, albeit not quite reaching statistical
significance. To our knowledge, the association with vegetable-derived Mg intake and CHD has
not been described before. When studying Mg intake and Mg status, it is important to consider
bioavailability of ingested Mg for intestinal uptake, as this might vary considerably depending on
the source of Mg intake [29]. Possibly, bioavailability from Mg in vegetables is greater than from
other food sources; however, this issue would have to be addressed an in-depth mechanistic study.
Nevertheless, our data illustrate that when studying the association between micronutrients and
outcomes, intake of different food groups is also important. As vegetable intake in our population was
low [30], and vegetable intake only accounted for 3% of total Mg intake in this population, increasing
vegetable intake is a good opportunity to not only increase Mg intake, but also to improve overall diet
quality. It should be noted that in our study, it is difficult to distinguish between the protective effects
of overall vegetable intake and those from vegetable-derived Mg intake. Other vegetable-derived
components like antioxidants, but also potassium and vitamin K, might contribute to or interact
with Mg in the eventual association with CHD [31–34]. Maybe the possible cohort effect from these
micronutrients and Mg could amplify such protection. Since such an analysis is beyond the scope and
available data of the current study, future studies are necessary to further investigate mechanisms
behind vegetable intake and risk of coronary heart disease.

Additionally, we found that lower 24 h urinary Mg excretion was associated with more prevalent
CHD. In line with this finding, in the general population an inverse association between Mg excretion
and CHD was reported [5]. Potential renal Mg wasting in T2D renders the interpretation of urinary
Mg excretion difficult. High urinary Mg excretion could, on the one hand, reflect a high dietary
Mg intake; on the other hand, though, it could reflect the hypermagnesuria found in T2D [10,11].
This could explain why, in our cohort, dietary Mg intake is more strongly associated with CHD than
24 h urinary excretion.

In parallel, lower plasma Mg concentration was also associated with prevalent CHD. In T2D,
the association between plasma Mg concentration and CHD was investigated previously, and conflicting
results were reported [14,15]. In non-T2D subjects, conflicting results on the association between plasma
Mg have been reported as well; however, a meta-analysis demonstrated an inverse association between
plasma Mg and incident CHD [8]. As Mg is mainly an intracellular cation, and therefore plasma Mg
only reflects 1% of bodily Mg stores, the validity of using plasma Mg as a marker for Mg status has
been questioned; Mg deficiency has been reported in patients without overt hypomagnesemia [11,35].

Our paper was not designed to unravel mechanisms behind the inverse associations between Mg
intake, Mg status, and CHD. However, several mechanisms have been proposed that could underlie
this association. First, animal studies have consistently shown that higher Mg status inhibits vascular
calcification [36,37]. In human subjects, serum Mg and dietary Mg intake were inversely associated
with the degree of coronary calcification [4,6]. Second, low Mg status might be associated with cardiac
arrhythmias [38]. Lastly, increased CHD risk might be mediated through the association between low
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Mg status or intake and increased traditional CHD risk factors, such as blood pressure [39] and insulin
resistance [12].

Our paper is the first to simultaneously report the association between dietary Mg intake, factors
of Mg status (24 h urinary Mg excretion and plasma Mg), and CHD in patients with established
T2D. The robustness of our findings is established through the fact that all three Mg parameters
were inversely associated with CHD. The main limitation of our paper is the cross-sectional design,
which only allowed us to study associations and not causality, and therefore there is a risk of reverse
causality bias. Another limitation is that the FFQ we used in our study was not validated to estimate
magnesium intake. However, because there was a moderate correlation between dietary Mg intake
and urinary Mg excretion, we deemed the results sufficiently valid.

Our study has several clinical implications. First, we show that Mg intake is of the utmost
importance with relation to T2D. Patients with T2D are at risk of developing hypomagnesemia, as Mg
intake in our population was somewhat lower in comparison to the general population. Additionally,
patients with T2D have increased renal Mg excretion [27]. We show that Mg intake and Mg status is
reduced in those with CHD, possibly indicating that higher Mg intake is associated with a lower risk
of CHD. The best opportunity to increase Mg intake is to increase intake of Mg-rich vegetables. As Mg
intake in the highest quartile is approximately 100 mg/day higher than in the lowest quartile, in clinical
practice this could correspond with increasing vegetable intake by, for example, 200 g spinach, or 100 g
rucola lettuce and two avocados per day. Alternatively, previous research has shown that several
dietary patterns might reduce CHD risk or improve cardiac function, such as the Mediterranean diet;
the Dietary Approaches to Stop Hypertension diet; or a high-protein, intermittent fasting, low-calorie
diet [40–42]. We add to these findings by illustrating that Mg is an important component in such
diets. For future studies, it would be of interest to investigate how Mg and other beneficial nutritional
approaches could reinforce each other in the pursuit of the reduction of CHD in diabetes patients.
Additionally, future mechanistic studies should be done to investigate how vegetable-derived nutrients,
particularly Mg, might reduce CHD risk.

5. Conclusions

In a cohort of patients with established T2D, dietary magnesium intake, 24 h urinary magnesium
excretion, and plasma magnesium concentration were inversely associated with the prevalence of
coronary heart disease. Increasing dietary magnesium intake, especially through increasing vegetable
intake, may reduce the risk of CHD in patients with established T2D.

Supplementary Materials: The following are available online at www.mdpi.com/2072-6643/10/3/307/s1,
Table S1: Overview of food items included in each food category, Table S2: Baseline characteristics of patients
with T2D by a breakup of dietary magnesium intake.
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Abstract: Chemotherapy-induced peripheral neuropathy (CIPN) is a common and severe side-effect
in colorectal cancer (CRC) patients. This study assessed the association between habitual dietary
intake of magnesium or calcium and prevalence and severity of chronic CIPN in CRC patients
receiving adjuvant chemotherapy. For this prospective cohort study, 196 CRC patients were
considered. Magnesium and calcium intake was determined using a food frequency questionnaire at
diagnosis, during and after chemotherapy. Chronic CIPN was assessed 12 months after diagnosis
using the quality of life questionnaire CIPN20. Prevalence ratios were calculated to assess the
association between magnesium or calcium intake and the prevalence of CIPN. Multivariable linear
regression analysis was used to assess the association between magnesium or calcium intake and
severity of CIPN. CIPN was reported by 160 (82%) patients. Magnesium intake during chemotherapy
was statistically significantly associated with lower prevalence of CIPN (prevalence ratio (PR) 0.53,
95% confidence interval (CI) 0.32, 0.92). Furthermore, higher dietary intake of magnesium during (β
−1.08, 95% CI −1.95, −0.22) and after chemotherapy (β −0.93, 95% CI −1.81, −0.06) was associated
with less severe CIPN. No associations were found for calcium intake and the prevalence and severity
of CIPN. To conclude, we observed an association between higher dietary magnesium intake and
lower prevalence and severity of CIPN in CRC patients.

Keywords: calcium; chemotherapy; colorectal cancer; magnesium; neuropathy; oxaliplatin

1. Introduction

Chemotherapy-induced peripheral neuropathy (CIPN) is a common side-effect in colorectal
cancer (CRC) patients treated with oxaliplatin [1]. Oxaliplatin can cause both acute and chronic CIPN.
Symptoms of chronic CIPN include distal paresthesia, tingling sensations and numbness. Chronic
CIPN predominantly affects sensory nerves and can lead to long-term disability [1]. Occurrence and
severity of chronic CIPN are related to the cumulative dose and dose-intensity of the treatment [1–3].
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Six to eight months after the end of oxaliplatin treatment, 40–60% of the patients still suffer from
CIPN [4–7]. In order to minimize the detrimental effects in CRC patients, it is important to understand
which factors can influence the development and severity of CIPN.

Magnesium and calcium are proposed to be important in the etiology of CIPN, because they are
both involved in electric excitability of neurons and muscle contraction [8]. Low circulating levels
of magnesium, but not calcium, before treatment have been associated with more severe CIPN in
CRC patients [3]. Besides circulating levels of magnesium and calcium, several studies focused on
intravenous administration of magnesium and calcium and the severity of CIPN [9–16]. The clinical
observational study of Gamelin et al. found a lower occurrence and severity of CIPN in CRC patients
who received magnesium and calcium in comparison to patients who did not receive magnesium and
calcium for several reasons [9]. Other observational studies in CRC patients did not find an association
between intravenous magnesium and calcium infusions and CIPN [10,11].

Several randomized-controlled trials (RCTs) [11–15] studied the effect of intravenous magnesium
and calcium infusions on CIPN, but results are inconclusive. Grothey et al. reported a protective
effect of magnesium and calcium on the prevalence of CIPN in 102 colon cancer patients [12]. The
prevalence of CIPN was 22% in the magnesium and calcium group compared to 41% in the placebo
group (p = 0.04) [12]. On the contrary, four other RCTs conducted among 27–353 CRC patients, did not
find a protective effect of magnesium and calcium infusions on CIPN [13–16]. So far, no consensus
about the use of magnesium and calcium infusions to reduce or prevent CIPN has been reached [17].

Most studies conducted so far focused on acute CIPN during and directly after treatment. It
has been shown that further progression of CIPN can occur months after the end of treatment [1].
Moreover, the associations between dietary magnesium or calcium intake and the prevalence and
severity of chronic CIPN have not been described so far. Dietary intake in relation to CIPN is important
as dietary magnesium intake is the main contributor to the magnesium status. Further insights
into the relation between diet and CIPN may provide feasible opportunities for dietary strategies
directed against CIPN in cancer patients. In this prospective cohort study, we assessed the association
between habitual dietary intake of magnesium or calcium and the prevalence and severity of CIPN
approximately six months after chemotherapy, i.e., 12 months after diagnosis, in CRC patients receiving
adjuvant chemotherapy.

2. Materials and Methods

2.1. Patients

This study is embedded in the longitudinal observational study on nutritional and lifestyle factors
(COLON study), which is a prospective cohort study focusing on nutritional and lifestyle factors in
relation to clinical outcomes and quality of life of CRC patients in the Netherlands [18]. The design
and recruitment of the COLON study has been described in detail previously [18]. In short, newly
diagnosed CRC patients were recruited directly after diagnosis in 12 hospitals in the Netherlands and
were followed up during and after treatment. Men and women of all ages, who were in any stage
of the disease were eligible for the study. Non-Dutch speaking patients, or patients with a history of
CRC or (partial) bowel resection, chronic inflammatory bowel disease, hereditary CRC syndromes
(e.g., Lynch syndrome, Familial Adenomatous Polyposis, Peutz-Jegher), dementia or another mental
condition that made it impossible to fill out a questionnaire correctly, were excluded from the study.
Participants of the COLON study who were included between April 2012 and December 2015 and
who received adjuvant chemotherapy were eligible for the current study (n = 293). Patients who also
received neoadjuvant chemotherapy (n = 8), who did not start with chemotherapy (n = 22), or did not
fill out the questionnaire on CIPN (n = 67) were excluded, resulting in a total of 196 newly diagnosed
CRC patients eligible for the current study (Figure 1). Hospital records and linkage with the Dutch
ColoRectal Audit (DCRA) [19] were used to obtain data regarding cancer type, cancer stage and type
of chemotherapy. All patients provided written informed consent. All procedures followed were

56



Nutrients 2018, 10, 398

in accordance with the ethical standards of the institution and the COLON study was approved by
the Committee on Research involving Human Subjects, region Arnhem-Nijmegen, the Netherlands
(file 2009-349).

 

Total number of participants 
COLON study 

n = 1875

Recruited before April 
2012*
n = 51

Or after December 
2015 n = 80Received the QLQ-CIPN16 

n = 293

No chemotherapy 
n = 1451

Did not fill out the 
QLQ-CIPN16

n = 67

Intended to receive 
chemotherapy

n = 424

Filled out QLQ-CIPN16
n = 226

Included in data analysis
n = 196

Received neo-
adjuvant 

chemotherapy 
n = 8

Did not receive 
chemotherapy 

n = 22

Figure 1. Flowchart representing patient selection for the current study. Colorectal cancer patients
participating in the longitudinal observational study on nutritional and lifestyle factors (the COLON
study) and who received adjuvant chemotherapy and filled out the quality of life questionnaire to
assess chemotherapy-induced peripheral neuropathy (QLQ-CIPN16) were included in the present
study. * Patients who were recruited before April 2012 were not included in this study, because the
QLQ-CIPN16 questionnaire was implemented from April 2012 onwards.

2.2. Magnesium and Calcium Intake

A 204-item semi-quantitative food frequency questionnaire (FFQ) developed by the Division
of Human Nutrition of Wageningen University and Research, the Netherlands, was used to assess
habitual intake of magnesium and calcium from the diet during the previous month. The magnesium
or calcium content of a product was determined based on data from the Dutch food composition table
of 2011 [20]. Dietary intake of magnesium and calcium was calculated for each food item based on
frequency of intake, number of portions and portion size, as well as the type of product (e.g., whole
grain bread or brown bread). The total amount of the nutrients consumed per day was calculated by
adding all items containing the respective nutrient. The dietary intake of magnesium and calcium was
adjusted for total energy intake using the residual method [21]. Dietary supplement use was assessed
by a dietary supplement questionnaire developed by the Division of Human Nutrition of Wageningen
University and Research [18]. Intake of magnesium and calcium from dietary supplements was not
considered for the current study, due to the relatively low number of supplement users and the
lack of details on exact dosages, frequency and compliance. However, we performed sensitivity
analyses excluding patients who reported use of dietary supplements containing magnesium or
calcium. The FFQs and dietary supplement questionnaires were filled out at diagnosis and six and
12 months after diagnosis. These three time points represent the usual dietary intake before surgery,
during chemotherapy and six months after chemotherapy, respectively.

2.3. Chemotherapy-Induced Peripheral Neuropathy

Prevalence and severity of chronic CIPN were assessed using the ‘European Organization for
Research and Treatment of Cancer Quality of Life Questionnaire to assess Chemotherapy Induced
Peripheral Neuropathy’ (EORTC QLQ-CIPN16). This is an abbreviated version of the QLQ-CIPN20 [22],
which is used in the COLON study. This questionnaire was filled out 12 months after diagnosis,
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representing approximately six months after the end of chemotherapy. The QLQ-CIPN16 consists
of 16 questions of which eight assessing sensory symptoms and eight assessing motor symptoms.
These questions were shown to be valid and reliable to assess patient-reported CIPN [22]. Patients
reported the degree to which they have experienced sensory and motor symptoms during the past
week using a 4-point Likert scale. Sensory and motor scale scores from the QLQ-CIPN16 ranged from
1–32. The scores of the QLQ-CIPN16 were linear transformed to a 0–100 scale. Based on mean scores of
CIPN in the general Dutch population, the presence of CIPN was defined as >3.6 for the total CIPN16
score, >3.2 for the sensory sub-score and >3.8 for the motor sub-score [23]. Furthermore, we have
evaluated severity of CIPN-related symptoms by specifically focusing on the CIPN scores, with higher
scores indicating more severe CIPN. Missing values were handled by the mean-person imputation
method [24], however, participants were excluded from analyses when more than two items in the
QLQ-CIPN16 were missing.

2.4. Data Analysis

To study the association between magnesium and calcium and the prevalence of CIPN, prevalence
ratios (PR) were calculated using a Cox proportional hazards regression model, with a fixed time
variable. PRs were used, since odds ratios tend to overestimate the size of the association when the
outcome is common [25]. Subsequently, among patients suffering from CIPN, the association between
magnesium or calcium intake and the severity of CIPN was assessed by using multivariable linear
regression analysis.

The Shapiro-Wilk test was used to determine whether data were normally distributed. Dietary
intake of magnesium, calcium, vitamin D, total energy, as well as CIPN scores were natural-log
transformed. To adjust for potential confounding, the models were adjusted for age, gender as well
as energy adjusted dietary calcium or magnesium and vitamin D intake. When a variable changed
the regression coefficient of the independent variable with 10% or more, the variable was considered
to be a confounder and was added as a covariate to the model. Self-reported magnesium or calcium
supplement use, diabetes mellitus, physical activity, smoking, as well as B vitamins and alcohol
intake did not influence the observed associations. There was a strong correlation between protein
and magnesium intake (r = 0.81), as well as between protein and calcium intake (r = 0.80), therefore
we did not adjust for protein intake in the final model. Sensitivity analyses were performed for
oxaliplatin-containing chemotherapy (OX), patients with colon cancer and non-supplement users.
Stratified analysis was done for age (<65 and ≥65 years of age) to assess possible age differences.

Statistical analyses were performed in SAS 9.4 (SAS Institute, Cary, NC, USA). Ninety-five percent
confidence intervals (95% CIs), not containing 1 for the Cox regression analyses and not containing 0
for the multivariable regression analyses, represent statistically significant associations [26].

3. Results

3.1. Patients Characteristics

In total, 196 CRC patients from 12 hospitals in the Netherlands were included in this study. The
majority of the patients started with OX (n = 166, 85%), while 23 (11%) patients received capecitabine
monotherapy (Table 1). In our study population, 160 patients (82%) reported CIPN 12 months after
diagnosis. Among these patients, both sensory as well as motor CIPN symptoms were commonly
reported (81% and 76%, respectively). Common sensory symptoms included tingling and numbness in
fingers and toes, whereas difficulty with manipulating small objects and opening jars or bottles were
commonly reported motor symptoms. The severity of sensory symptoms was higher than the severity
of motor symptoms (mean score 20.8 and 12.5, respectively).

The median intake of magnesium was 317 mg/day and for calcium this was 851 g/day. The
most important food sources of magnesium in our population were whole grain bread and nuts. Also,
coffee, dairy products, dark chocolate, banana and legumes were common sources of magnesium.
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For calcium the most important food source was dairy products, especially cheese, yoghurt and milk.
The intake of magnesium was below the estimated average requirement of 350 mg/day for men and
265 mg/day for women [27] in 48% of our study population at the time of diagnosis. During and after
chemotherapy, 65% and 57% of the patients had an intake below the estimated average requirement,
respectively. The intake of calcium was below the estimated average requirement of 800 mg/day
for man <70 years and 1000 mg/day for man >70 years and 1000 mg for women [28] in 58% of our
population at the time of diagnosis, 59% during treatment and 65% after treatment.

Table 1. Characteristics of colorectal cancer patients who received adjuvant chemotherapy by
prevalence of chemotherapy-induced peripheral chemotherapy (CIPN).

CIPN

Total Population n = 196 CIPN No n = 36 (18%) Yes 1 n = 160 (82%)

Gender, women 71 (36%) 12 (33%) 59 (37%)
Age (years) 64.0 (59.8–68.1) 65.4 (59.0–68.2) 63.7 (59.9–68.0)

Diabetes mellitus (yes) 2 15 (8%) 3 (8%) 12 (8%)
Physical activity (meeting norm) 3 143 (73%) 25 (69%) 118 (74%)

Tumor stage

Stage II 15 (8%) 2 (6%) 13 (8%)
Stage III 145 (74%) 28 (76%) 117 (73%)
Stage IV 21 (10%) 3 (9%) 18 (11%)
Missing 15 (8%) 3 (9%) 12 (8%)

Cancer site

Colon 181 (93%) 33 (92%) 148 (93%)
Rectum 14 (7%) 3 (8%) 11 (7%)
Missing 1 (0%) 0 (0%) 1 (0%)

Type of chemotherapy

Oxaliplatin-containing (OX) 166 (85%) 27 (75%) 139 (87%)
Capecitabine monotherapy 23 (12%) 9 (25%) 14 (9%)

Other 2 (1%) 0 (0%) 2 (1%)
Missing 5 (2%) 0 (0%) 5 (3%)

Dietary factors

Magnesium intake from diet (mg/day) 2,4 317 (261–383) 325 (261–396) 313 (261–380)
Use of magnesium supplements (yes) 36 (18%) 6 (17%) 30 (18%)
Calcium intake from diet (mg/day) 2,4 851 (621–1143) 789 (597–1155) 861 (631–1123)

Use of calcium supplements (yes) 35 (18%) 6 (17%) 29 (18%)
Vitamin D intake from diet (mg/day) 2,4 3.1 (2.4–4.1) 2.8 (2.2–3.7) 3.2 (2.4–4.2)

Total energy intake (kcal/day) 2,4 1893 (1534–2265) 1898 (1547–2230) 1893 (1534–2285)

CIPN 5

Total score 6 14.6 (6.3–26.4) 0.0 (0–2.1) 16.7 (10.4–29.2)
Sensory score 7 16.7 (4.2–37.5) 0.0 (0–0) 20.8 (12.5–37.5)
Motor score 8 8.3 (4.2–20.8) 0.0 (0–0) 12.5 (8.3–20.8)

Values presented are median (quartile 1–quartile 3) or number (percentage). 1 Cut-off point for CIPN total score: 3.6,
2 Assessed at diagnosis. 3 Meeting the Dutch physical activity guideline of 150 min per week of moderate intensive
exercise at baseline, 4 Intake is missing for two patients, 5 Assessed 12 months after diagnosis. 6 Data for one patient
missing. 7 Data for two patients missing. 8 Data for five patients missing.

3.2. Dietary Magnesium or Calcium Intake and CIPN

Dietary intake of magnesium during chemotherapy was associated with the prevalence of chronic
CIPN (PR 0.53, 95% CI 0.32, 0.90) (Table 2). Among patients suffering from CIPN, a higher dietary
intake of magnesium was associated with less severe symptoms of CIPN (β −1.08, 95% CI −1.95,
−0.22 for the intake during chemotherapy and β −0.93, 95% CI −1.81, −0.06 for the intake after
chemotherapy) (Table 3). Dietary intake of calcium was not associated with the prevalence (Table 2)
and severity (Table 3) of CIPN.

Sensitivity analyses including only patients receiving OX (n = 166) or only patients with colon
cancer (n = 181) or only non-supplement users (n = 160–171) showed similar results (Table 4).
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Stratified analyses for age showed statistically significant associations between magnesium intake
at all three time points and the severity of CIPN for patients aged 65 and older (n = 88), but not for
patients younger than 65 years (n = 108) (data not shown).

4. Discussion

The aim of this study was to assess the association between magnesium and calcium intake and
CIPN in a prospective cohort of CRC patients. Dietary intake of magnesium during chemotherapy was
associated with a lower prevalence of CIPN. A higher dietary intake of magnesium, but not calcium,
during and after chemotherapy was associated with a lower severity of total CIPN symptoms.

The prevalence of CIPN approximately six months after chemotherapy, i.e., 12 months after
diagnosis, was higher than expected (81%) in our study population consisting of 196 CRC patients
treated with adjuvant chemotherapy. Argyriou et al. reported a prevalence of 40% for CIPN in CRC
patients six to eight months after finalizing their treatment containing OX [1]. CIPN is related to
various risk factors, including treatment schedule, dose per course, cumulative dose, time of infusion
and pre-existing peripheral neuropathy [1]. These factors likely vary between studies and countries.
Furthermore, difference in the prevalence of CIPN may be explained by different methods to assess
CIPN. Most previous studies used criteria of the National Cancer Institute (NCI-CTCAE) or the total
neuropathy score (TNSc) to assess CIPN [4–7]. These methods are based on clinical examination, while
the QLQ-CIPN16 is a patient-reported assessment of CIPN. The use of the QLQ-CIPN16 is inherent to
the large-scale setting of the COLON cohort study. Recent studies compared several commonly used
methods to assess CIPN [29,30]. A high correlation was found for the NCI-CTCAE and the EORTC
QLQ-CIPN [29,30]. Furthermore, we did expect a high prevalence of sensory symptoms, and not
motor symptoms, since OX is mainly associated with chronic sensory CIPN [1,31]. Although motor
symptoms were also commonly reported in our study, it should be noted that the severity of motor
symptoms was relatively low in the present study (mean score 12.5 versus 20.8 for sensory symptoms).

In the present study, we found that a higher magnesium intake was associated with a lower
severity of chronic CIPN, whereas no association for calcium was found. Both magnesium and calcium
are involved in electric excitability of neurons and muscle contraction [8]. A potential explanation
for the association between magnesium and the severity of CIPN is the role of magnesium in the
neuromuscular system and nervous tissue conduction [32]. It has been supposed that CIPN is caused
by the stimulating effect of OX on neural excitability due to re-configuration of sodium channels
in the cell membrane [33]. Magnesium (and calcium) are hypothesized to decrease OX-induced
hyper-excitability [34,35], thereby limiting damage of neurons. In addition, magnesium specifically
plays a role in membrane integrity and stability [32].

In the present study, we focused for the first time on dietary intake of magnesium and calcium in
relation to CIPN. It should be noted that magnesium levels in blood are tightly regulated [36]. When
circulating levels of magnesium are low, other tissues such as bone and muscle provide magnesium to
restore circulating magnesium levels. With a low magnesium intake, body stores of magnesium could
be depleted, while circulating levels are still in the healthy range [3,37]. Among our study population,
65% of the patients had an intake below the estimated average requirement of 350 mg/day for men
and 265 mg/day for women [28] during chemotherapy. Hypothetically, especially patients with a low
intake of magnesium could benefit from additional intake of magnesium, as a higher intake could
restore depleted body stores of magnesium and thereby increases availability of magnesium in muscles
and nerves. Stratified analyses for age showed a stronger association in patients aged 65 years and
older. In this group the percentages of patients with a magnesium intake below the estimated average
requirement was higher compared to participants younger than 65. In addition, during chemotherapy
more participants had a magnesium intake below the estimated average requirement compared to
before and after chemotherapy. These results indicate that an optimal magnesium status throughout
treatment is important. Further studies are needed to confirm these findings and to determine the
clinical relevance of the reported association between magnesium and CIPN.
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The present study has some limitations. First, intake from dietary supplements was not considered
because of the relative limited number of supplement users. In addition detailed data on dosage,
frequency and compliance was lacking and supplement use was not consistent over the study duration.
Also, the mineral content of the drinking water was not considered. Magnesium and calcium from
drinking water contribute to the total magnesium and calcium intake. In the Netherlands, magnesium
and calcium content in the tap water ranges from 1.7–26.2 mg/L (1–8% of the total intake) and
15–157 mg/L (1–17% of the total intake), respectively [38]. Second, although we explored the possible
interaction between magnesium or calcium and many nutrients like B vitamins, calcium, vitamin D,
vitamin E and alcohol, we could not exclude the possibility that other nutrients or bioactive compounds
contributed to the observed effects. Third, the prevalence of pre-existing CIPN was not taken into
account. Pre-existing CIPN is a risk factor for developing chronic CIPN [1]. Diabetes mellitus is
an important cause of peripheral neuropathy [39]. However, in the present study, adjustment for
self-reported diabetes mellitus did not influence the observed associations. In addition, we have
not been able to take specific information on treatment-related factors, such as cumulative dose of
chemotherapy and use of specific medications that may have influenced magnesium status into
account. However, in the specific setting of studies focusing on long-term (chronic) toxicities, dose is
a complicated factor. Patients who received a low (cumulative) dose may have experienced severe
(acute) toxicities which have resulted in a dose reduction or premature discontinuation of therapy.
Because of severe toxicities, among which potentially CIPN, an increased risk of chronic CIPN on the
long-term may be expected. On the other hand, patients who completed their scheduled treatment,
and hence received a high (cumulative) dose, may also have an increased risk of CIPN because of
extensive exposure to the cytotoxic regimens. Furthermore, although information on clinical and
socio-demographic characteristics of patients who did not fill out the QLQ-CIPN16 (n = 67, 23%) was
available, it remains unknown why they did not fill out the questionnaires. It could be that these
patients suffered from CIPN symptoms in their hands, resulting in selection which theoretically could
decrease the validity of the present study. However, we do not expect that these non-responses had a
major impact on the results of our study as the overall response rate was high (77%). The sample size
of this study was relatively small (n = 196) and restricted to CRC patients and therefore we cannot
state yet if generalization of our results to other cancer patients or chemotherapeutic agents is justified.
Finally, we did not measure blood levels of magnesium and calcium. It should be noted, however,
that the specific objective of this study was to investigate the association between dietary intake of
magnesium and CIPN. Next to that, circulating levels are tightly regulated and not representative for
magnesium levels in muscles and bone [37].

The present study also has important strengths. First of all, this is the first prospective cohort study
which assessed the association between habitual dietary intake of magnesium or calcium and CIPN.
Our data extend and complement existing evidence regarding the association between magnesium,
calcium and neuropathy. Previous studies focusing on infusions with magnesium and calcium showed
inconsistent findings and relied on acute exposure, while we assessed habitual, long-term intake of
magnesium and calcium. In addition, previous studies focused on acute CIPN (during and directly
after chemotherapy), while we focused on chronic and persistent CIPN. Therefore, this study provides
an important contribution to the limited knowledge on chronic CIPN and its association with diet
before, during and after chemotherapy. Furthermore, in the present study we used the 16 items of the
QLQ-CIPN20 that are considered to be valid and reliable [22]. This approach resulted in a clinically
relevant estimation of the prevalence and severity of CIPN compared to the QLQ-CIPN20 [22]. Due
the availability of detailed data on diet and other clinical and lifestyle factors, we could adjust for the
most plausible confounders, although residual confounding can never be fully excluded.

5. Conclusions

The results of this study showed that a higher dietary magnesium intake was associated with
a lower prevalence and less severe CIPN symptoms among CRC patients who received adjuvant
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chemotherapy. Further studies are needed to confirm our findings and to provide a solid basis for
future recommendations directed towards the intake of magnesium before and during chemotherapy.
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Abstract: The objective of this study was to examine the changes of blood pressure and
hemodynamic parameters after oral magnesium supplementation in patients with essential
hypertension. The single-arm non-blinded intervention study comprised 48 patients (19 men;
29 women) whose antihypertensive therapy was not changed for at least one month. The participants
were asked to consume (daily at home) 300 mg of oral magnesium-oxide supplementation product
for one month and to have their blood pressure and hemodynamic parameters (thoracic fluid content,
stroke volume, stroke index, cardiac output, cardiac index, acceleration index, left cardiac work
index and systemic vascular resistance index, heart rate) measured in the hospital before and after
the intervention. Measurements were performed with impedance cardiography. After magnesium
supplementation, systolic and diastolic pressures were significantly decreased (mean ± standard
deviation (SD)/mmHg/from 139.7 ± 15.0 to 130.8 ± 13.4 and from 88.0 ± 10.4 to 82.2 ± 9.0,
respectively; both p < 0.001). The two significant hemodynamic changes were the decrease of
systemic vascular resistance index (dyn s m2/cm5) and left cardiac work index (kg m/m2)/mean
± SD from 2319.3 ± 753.3 to 2083.0 ± 526.9 and from 4.8 ± 1.4 to 4.4 ± 0.9, respectively;
both p < 0.05). The observed hemodynamic changes may explain lowering blood pressure after
magnesium supplementation.

Keywords: magnesium; dietary supplements; hypertension; systemic vascular resistance; cardiac output

1. Introduction

Magnesium is an important cation for the activity of many enzymes related to energy metabolism,
e.g., serine racemase [1], ATP diphosphohydrolase [2] or myosin ATPase [3]. In addition, elevated levels
of serum magnesium may lead to smooth muscle relaxation and vasodilatation due to antagonistic
action on calcium receptors and channels [4]. On the other hand, the reduction of extracellular
magnesium causes vasospasm, particularly important pathogenic factor for sudden death in ischemic
heart disease [5] and for glaucoma and diabetic retinopathy [6]. Elevated extracellular magnesium
leads to decrease of blood pressure through stimulated production of prostacyclin in endothelial
cells and vascular smooth muscle cells [7] and the inhibition of norepinephrine release from nerve
endings [8].

An intervention study of a 6-month supplementation with magnesium aspartate hydrochloride
among patients on a diuretic therapy for hypertension showed a significant reduction of both systolic
and diastolic blood pressure [9]. On the other hand, a double-blind randomized study reported
no effect of a three-month magnesium supplementation on blood pressure when compared with
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placebo treatment [10]. A recent meta-analysis of randomized double-blind placebo controlled trials
showed that a daily supplementation with a dose of 300 mg magnesium of at least one month duration
significantly reduced blood pressure [11]. The discrepancies in the presented studies may be explained
by the differences regarding the study designs, study protocols, ways, form or duration of supplement
application, age and race of participants, patients’ compliance, the instruments of measurement and
the inclusion and exclusion criteria.

Due to conflicting results there is a lack of definitive conclusion and consensus on the effectiveness
of magnesium in the treatment of hypertension. Besides blood pressure there is a need for further
investigation of the effects of magnesium on other hemodynamic parameters that may explain the
Mg-hypertension relationship. The aim of this intervention study was to examine the changes of
blood pressure and hemodynamic parameters after oral magnesium supplementation in patients with
essential hypertension. We hypothesized that magnesium supplementation would lead to lowering
blood pressure and other compatible hemodynamic changes.

2. Materials and Methods

This study was performed in the collaboration between the Institute of Hygiene with Medical
Ecology, Faculty of Medicine, and the Multidisciplinary Center for Polyclinic Diagnostics, Assessment
and Treatment of Blood Pressure Disorders, Clinic for Cardiology, Clinical Center of Serbia. The study
has been registered by The Iranian Registry of Clinical Trials (www.irct.ir; Registration number:
IRCT2017081535716N1). All subjects signed their informed consent for inclusion before they
participated in the study. The study was conducted in accordance with the declaration of Helsinki,
and the protocol was approved by the Ethics Committee of the Clinical Center of Serbia, Belgrade
(code 1322/1) and by the Ethics Committee of the Faculty of Medicine, University of Belgrade, Serbia
(code 29/VII-16).

The investigation was designed as a single-arm non-blinded intervention study due to an expected
limited pool of patients that would fulfill all inclusion and exclusion criteria [12]. The recruitment of
patients was performed from September to November 2014 and comprised all patients aged 24–65
years with essential hypertension who came for a regular blood pressure check-up. Among them, only
patients whose antihypertensive therapy was not changed for at least one month were eligible for the
intervention study. The patients were not allowed to change their blood pressure medication during
the trial. The exclusion criteria for participation in the study were: renal diseases, gastrointestinal
diseases, diabetes mellitus, diseases of adrenal, thyroid and parathyroid glands, angina pectoris,
myocardial infarction, coronary revascularization, congestive heart failure, aortic coarctation, food
and drug allergy, pregnancy and lactation, transitory ischemic attack and oral intake of magnesium
supplements in the previous month.

The minimum sample size of 43 patients was calculated based on previously reported clinically
significant reduction of mean values of systolic and diastolic pressure of 3 mmHg and 2 mmHg,
respectively, and effect size of 0.44 after magnesium supplementation [13]. The calculation was
performed online using the input values of a power of 80% and a two sided level of significance of
5% [14].

The eligible participants (n = 68, 27 men and 41 women) were asked to consume 300 mg of oral
magnesium-oxide supplementation product for one month and to have their blood pressure and
hemodynamic parameters measured in hospital settings at baseline and at the end of the intervention.
The participants were given a dietary supplement (“Magnezijum 300 Direkt”, Hermes Arzneimittel
GmbH, Wolfratshausen, Germany) which is approved by the Ministry of Health of the Republic of
Serbia (Number: 1708/2011). All participants were informed how to use this product, were warned
not to exceed the daily recommended dose, and were advised not to change their dietary habits.
The participants did not report adverse effects that might be related to magnesium supplementation.
They were not informed about the expected changes of blood pressure and hemodynamic parameters
after magnesium supplementation.
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At baseline, the participants underwent a detailed medical examination and completed a
questionnaire that included personal data (age, gender), duration of hypertension (years), hypertension
in the family (coded as: 1-any family member diagnosed with hypertension; 0-none), physical
activity of at least 30 min most days per week (coded as: 1-Yes; 0-No) and smoking habits (coded as:
0-non-smoker;1-current smoker; 2-ex-smoker). Data on antihypertensive treatment were obtained
from patient’s medical records. Antihypertensive treatment included: ACE inhibitors (23 patients;
48%); calcium channel blockers (24;50); thiazide diuretics (24;50); beta blockers (35;73) and angiotensin
II receptor blockers (10;21). At follow-up after one month, all participants were invited for medical
examination. Despite being called several times, 20 participants did not return for check-up (8 men
and 12 women), but they did not report adverse effects of magnesium supplementation as the reason.
The statistical analysis revealed that the non-responders were significantly younger than the responders
(mean age of the non-responders 37.75 ± 12.45 years) with non-significantly shorter duration of
hypertension (mean duration of hypertension among the non-responders 5.39 ± 5.19 years). The final
sample comprised 48 persons, 19 men and 29 women, aged 47.40 ± 11.30 years, range 24 to 65 years.
This sample size was considered sufficient according to afore mentioned calculation.

Average daily magnesium intake from food and drinks was obtained using a 24-h recall
questionnaire. The participants were very carefully asked about food and drinks they consumed
during 24 h prior to the interview. The questions referred to food types and amounts, time and place of
consumption, how the food was prepared (fried, fresh, baked or cooked) and what was used to prepare
the food (salt, oil, sugar etc.). A trained physician conducted the interview with the participants.
Magnesium intake from food and drinks was calculated from all foodstuffs consumed the previous day
using Serbian food tables [15]. Serum magnesium concentration was measured both at baseline and
follow up using the photometric method [16]. Blood samples were taken at the central laboratory of
the Clinical Center of Serbia between 8 and 9 a.m., after a morning fast. The laboratory is an accredited
institution with a strict quality control standards for all laboratory analyses.

Participants had their weight and height measured by a trained physician. Body height was
measured to the nearest 0.5 cm. Body weight was measured on a digital scale (TANITA Inner Scan Body
Composition Monitor BC-543) to the nearest 0.1 kg. Participants were in light clothes and barefoot.
Body mass index (BMI) was calculated as body weight (in kilograms) divided by squared body height
(in meters).

Both at baseline and at follow-up participants had their systolic, diastolic and mean arterial blood
pressure measured with impedance cardiography (ICG) by CardioScreen® 2000 (Medis. Medizinische
Messtechnik GmbH, Ilmenau, Germany). A cuff was placed on patient’s left upper arm.

We also used ICG for measurements of hemodynamic parameters at baseline and follow-up.
ICG electrodes measure the change in thorax impedance during the flow of the alternating current
through the thorax. The following parameters were measured: thoracic fluid content (the electrical
conductivity of the chest, L/kOhm), acceleration index (the acceleration of blood in the ascending
aorta and the aortic arch, L/100/s2) and heart rate (beats per minute). The following parameters
were calculated: stroke volume (the amount of blood pumped by the left ventricle each beat, mL) and
cardiac output (stroke volume multiplied by heart rate, L/min). With reference to body surface area
the following parameters were calculated: stroke index (stroke volume related to the body surface,
mL/m2), cardiac index (cardiac output related to the body surface, L/(min m2), systemic vascular
resistance index (the resistance to the blood flow through the arterial system the heart works against,
dyn s m2/cm5) and left cardiac work index (an expression for the work of the left ventricle, kg m/m2).
DuBois formula was used to calculate the body surface area [17].

Descriptive statistic was presented as mean values and standard deviation for numeric variables,
or as percent’s (relative numbers) for categorical variables. All investigated parameters were tested
by Kolmogorov-Smirnov test and almost all observed distributions corresponded to the normal
distribution. The differences between men and women were tested with Student’s t-test for parametric
variables and with Mann-Whitney U-test and Chi-square test for non-parametric data. The differences
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between baseline and follow-up were tested with paired-samples t-test. Probability level of less than
0.05 was accepted as significant. Statistical analyses were performed using SPSS 15.0 for Windows
software (SPSS Inc., Chicago, IL, USA, 1989–2006).

3. Results

Men and women were of similar age, and had similar body mass index, blood pressure levels,
and shared smoking habits, engagement in physical activity and magnesium intake from food and
water and serum magnesium concentrations. Men and women had similar duration of hypertension,
and had similar family history of hypertension. These results support further analysis regardless of
gender (Table 1).

Table 1. Baseline characteristics of the investigated population by gender.

Parameters Men Women Total p Value

Gender (%) 19 (39.6) 29 (60.4) 48 (100.0) NS (p > 0.05) *
Age (years) 43.79 ± 11.11 49.76 ± 10.98 47.40 ± 11.30 NS **

Body mass index (kg/m2) 27.03 ± 2.48 25.94 ± 5.36 26.38 ± 4.42 NS **
Duration of hypertension (years) 9.50 ± 9.75 7.75 ± 6.99 8.44 ± 8.14 NS ***
Hypertension in the family (%) 15 (83.3) 25 (92.6) 40 (88.9) NS *

Current smoker (%) 7 (36.8) 9 (31.0) 16 (33.3) NS *
Regular physical activity (%) 10 (52.6) 18 (64.3) 28 (59.6) NS *

Systolic pressure (mmHg) 140.74 ± 11.14 139.09 ± 17.26 139.74 ± 15.03 NS **
Diastolic pressure (mmHg) 87.37 ± 11.43 88.50 ± 9.83 88.05 ± 10.39 NS **

Mg intake from food (mg/day) 196.30 ± 114.74 158.73 ± 50.19 173.60 ± 82.99 NS ***
Mg intake from water (mg/day) 12.69 ± 6.44 15.55 ± 8.13 14.42 ± 7.56 NS ***

Total Mg intake (mg/day) 208.89 ± 115.66 174.28 ± 51.72 187.98 ± 83.72 NS ***
Serum magnesium concentration

(mmol/L) 0.86 ± 0.05 0.85 ± 0.06 0.85 ± 0.05 NS **

* Chi-square test; ** Student’s t-test; *** Mann–Whitney U-test. NS (not significant)

There was no significant difference between serum magnesium concentrations at baseline and
at follow-up (mean ± SD = 0.858 ± 0.054 and 0.847 ± 0.070 mmol/L, respectively; p = 0.432).
The range of serum magnesium concentrations at baseline and at follow-up was 0.74–0.94 and
0.69–0.96 mmol/L, respectively.

Magnesium supplementation lead to significant decrease in systolic, diastolic and mean arterial
blood pressure. Mean systolic pressure was decreased by 8.97 ± 2.01 mmHg; mean diastolic pressure
was decreased by 5.87 ± 1.49 mmHg; mean arterial pressure was decreased by 8.06 ± 1.67mmHg
(Table 2).

Table 2. Changes of blood pressure after magnesium supplementation in patients with essential
hypertension (N = 48).

Parameters At Baseline At Follow-Up
95% Confidence Interval of

the Difference
p Value *

Systolic pressure (mmHg) 139.74 ± 15.03 130.77 ± 13.42 4.92–13.02 <0.001
Diastolic pressure (mmHg) 88.05 ± 10.39 82.19 ± 9.00 2.88–8.86 <0.001

Mean pressure (mmHg) 102.13 ± 12.07 94.07 ± 10.11 4.70–11.42 <0.001

* Paired-samples t-test.

After one month of supplementation, thoracic fluid content, stroke index, cardiac index
acceleration index and heart rate remained stable. On the other hand, systemic vascular resistance
index and left cardiac work index were significantly decreased following a month of magnesium
supplementation (Table 3). Mean change of left cardiac work index equaled 0.439 ± 0.19 kg m/m2,
whereas mean change of systemic vascular resistance index was 236.29 ± 93.49 dyn s m2/cm5.

71



Nutrients 2018, 10, 581

Table 3. Changes of hemodynamic parameters after magnesium supplementation in patients with
essential hypertension (N = 48).

Parameters At Baseline At Follow-Up
95% Confidence Interval of

the Difference
p Value *

Thoracic fluid content (L/kOhm) 38.75 ± 8.95 36.57 ± 6.09 −0.67–5.04 0.131
Stroke volume (mL) 101.74 ± 27.90 99.26 ± 24.13 −10.18–15.13 0.686

Stroke index (mL/m2) 48.77 ± 11.31 48.44 ± 11.09 −5.62–6.28 0.905
Cardiac output (L/min) 6.93 ± 1.42 6.76 ± 1.29 −0.58–0.93 0.636

Cardiac index (L/(min m2)) 3.61 ± 0.95 3.56 ± 0.64 −0.21–0.30 0.727
Acceleration index (L/100/s2) 105.96 ± 39.64 104.88 ± 40.27 −8.98–11.13 0.831

Left cardiac work index (kg m/m2) 4.83 ± 1.42 4.39 ± 0.91 0.05–0.82 0.026
Systemic vascular resistance index

(dyn s m2/cm5) 2319.30 ± 753.31 2083.01 ± 526.95 47.87–424.71 0.015

Heart rate (beat/min) 71.56 ± 11.82 69.55 ± 9.06 −0.83–4.85 0.162

* Paired-samples t-test.

4. Discussion

We show a reduction of blood pressure after a one-month magnesium supplementation in
hypertensive patients. This effect is compatible with a reduction in two hemodynamic parameters:
systemic vascular resistance and left cardiac work.

Our results are in accordance with a meta-analysis of 22 trials which showed that the intake
of magnesium supplements exceeding 370 mg daily has a bigger effectiveness in the reduction of
systolic and diastolic blood pressures in hypertensive patients than the dose lower than 370 mg
daily. The study found that the average reduction of systolic blood pressure was 3–4 mmHg and
diastolic 2–3 mmHg after the consumption of magnesium supplements lasting from 3 to 24 weeks
(average duration 11.3 weeks) [13]. Another review reported that oral magnesium supplements
at a dosage from 10 to 15 mmol per day may reduce blood pressure in hypertensive patients on
antihypertensive therapy [18].Additionally, our study points out the changes in hemodynamic
parameters after magnesium supplementation that are compatible with lowering blood pressure.
But, the results of the studies on the association between magnesium intake and blood pressure are
not fully congruent. For example, a double-blind randomized study was conducted in patients with
essential hypertension. When treatment with 40 mmol (972 mg) magnesium aspartate supplementation
daily was compared with placebo treatment for three months no effect of magnesium supplementation
on blood pressure was found [10]. However, this study had a small sample size of 13 patients. Another
experimental study conducted in the US showed that magnesium supplementation for 16 weeks in
dose of 14 mmol (336 mg) of magnesium had no blood pressure-lowering effect in normotensive
women who reported low habitual intake of this mineral in comparison with placebo group [19].

An important magnesium function, the vasodilatation of peripheral arteries [20], may explain
the lowering of systemic vascular resistance in our study. Magnesium may achieve its vasodilatatory
effect through its impact on: intracellular calcium concentration [21], production of prostacyclin [7],
and sensitivity to angiotensin II [22].

Serum magnesium concentration was not significantly changed after magnesium supplementation
in our study. This finding is congruent with other intervention studies of a similar duration [23,24].
A significant raise of serum magnesium concentration after a seven-week magnesium supplementation
may be expected only in participants with hypomagnesemia (concentrations lower than
0.70 mmol/L) [23] but in our sample the lowest serum magnesium concentration at baseline was
0.74 mmol/L. But, in longer intervention studies of a median duration of 12 weeks a significant
elevation of serum magnesium concentrations after magnesium supplementation may be expected
even in patients with baseline median serum magnesium concentrations of 0.785 mmol/L [25].

There are several limitations of this study. First, a single-arm non-blinded design was chosen
because of a limited pool of patients. We consider that a placebo effect was alleviated by the fact that
although the patients knew they were given magnesium supplementation they were not informed
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about the expected changes in blood pressure and hemodynamic parameters. Second, we did not
control the possible effect of thiazide diuretics on magnesium excretion in some patients. Third, we
did not check for magnesium concentration in a 24 h urine sample at baseline and at follow-up.
Fourth, the intervention period of our study was limited to thirty days. In further investigations it
would be useful to examine the effects of different duration (shorter and longer than in our study) of
magnesium supplementation on blood pressure and hemodynamic parameters. Fifth, the study was
conducted in persons with essential hypertension; the hemodynamic changes in persons with diabetes
or kidney diseases would be of great importance for understanding the mechanisms of action of
magnesium supplementation. The strength of this study is the use of ICG, which objectively measures
both blood pressure and hemodynamic parameters that may explain blood pressure changes after
magnesium supplementation.

5. Conclusions

In conclusion, oral magnesium supplementation probably had a positive effect on blood pressure
reduction in patients with essential hypertension. The decrease in systemic vascular resistance and left
cardiac work may explain the reduction of blood pressure after magnesium supplementation.

Author Contributions: N.B. designed the study, collected data, and wrote the first draft; N.B. and G.B. performed
statistical analysis, wrote the manuscript, revised and approved the final version of manuscript and prepared the
paper for submission.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bruno, S.; Margiotta, M.; Marchesani, F.; Paredi, G.; Orlandi, V.; Faggiano, S.; Ronda, L.; Campanini, B.;
Mozzarelli, A. Magnesium and calcium ions differentially affect human serine racemase activity and
modulate its quaternary equilibrium toward a tetrameric form. Biochim. Biophys. Acta 2017, 1865, 381–387.
[CrossRef] [PubMed]

2. Sinha, P.; Paswan, R.K.; Kumari, A.; Kumar, S.; Bimal, S.; Das, P.; Lal, C.S. Magnesium-Dependent Ecto-ATP
Diphosphohydrolase Activity in Leishmania donovani. Curr. Microbiol. 2016, 73, 811–819. [CrossRef] [PubMed]

3. Ge, J.; Huang, F.; Nesmelov, Y.E. Metal cation controls phosphate release in the myosin ATPase. Protein Sci.
2017, 26, 2181–2186. [CrossRef] [PubMed]

4. Odom, M.J.; Zuckerman, S.L.; Mocco, J. The role of magnesium in the management of cerebral vasospasm.
Neurol. Res. Int. 2013, 2013, 943914. [CrossRef] [PubMed]

5. Turlapaty, P.D.; Altura, B.M. Magnesium deficiency produces spasms of coronary arteries: Relationship to
etiology of sudden death ischemic heart disease. Science 1980, 208, 198–200. [CrossRef] [PubMed]

6. Agarwal, R.; Iezhitsa, L.; Agarwal, P. Pathogenetic role of magnesium deficiency inophthalmic diseases.
Biometals 2014, 27, 5–18. [CrossRef] [PubMed]

7. Satake, K.; Lee, J.D.; Shimizu, H.; Uzui, H.; Mitsuke, Y.; Yue, H.; Ueda, T. Effects of magnesium on prostacyclin
synthesis and intracellular free calcium concentration in vascular cells. Magnes. Res. 2004, 17, 20–27.
[PubMed]

8. Shimosawa, T.; Takano, K.; Ando, K.; Fujita, T. Magnesium inhibits norepinephrine release by blocking
N-type calcium channels at peripheral sympathetic nerve endings. Hypertension 2004, 44, 897–902. [CrossRef]
[PubMed]

9. Dyckner, T.; Wester, P.O.; Widman, L. Effects of peroral magnesium on plasma and skeletal muscle electrolytes
in patients on long-term diuretic therapy. Int. J. Cardiol. 1988, 19, 81–87. [CrossRef]

10. Zemel, P.C.; Zemel, M.B.; Urberg, M.; Douglas, F.L.; Geiser, R.; Sowers, J.R. Metabolic and hemodynamic
effects of magnesium supplementation in patients with essential hypertension. Am. J. Clin. Nutr. 1990,
51, 665–669. [CrossRef] [PubMed]

11. Zhang, X.; Li, Y.; Del Gobbo, L.C.; Rosanoff, A.; Wang, J.; Zhang, W.; Song, Y. Effects of Magnesium
Supplementation on Blood Pressure: A Meta-Analysis of Randomized Double-Blind Placebo-Controlled
Trials. Hypertension 2016, 68, 324–333. [CrossRef] [PubMed]

12. Evans, S.R. Clinical trial structures. J. Exp. Stroke Transl. Med. 2010, 3, 8–18. [CrossRef] [PubMed]

73



Nutrients 2018, 10, 581

13. Kass, L.; Weekes, J.; Carpenter, L. Effect of magnesium supplementation on blood pressure: a meta-analysis.
Eur. J. Clin. Nutr. 2012, 66, 411–418. [CrossRef] [PubMed]

14. Dhand, N.K.; Khatkar, M.S. Statulator: An Online Statistical Calculator. Sample Size Calculator for
Comparing Two Paired Means 2014. Available online: http://statulator.com/SampleSize/ss2PM.html
(accessed on 10 April 2018).
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Abstract: Background: It was shown in animal models and adults that the epidermal growth factor
(EGF) is involved in the pathophysiology of calcineurin inhibitor (CNI) induced renal magnesium
loss. In children, however, the exact mechanism remains unclear, which was set as the purpose of
the present study. Methods: Children with nephrotic syndrome and renal transplant children
treated with CNI (n = 50) and non-CNI treated children (n = 46) were included in this study.
Urine and serum samples were collected at three time points to determine magnesium, creatinine,
and EGF. The magnesium intake was calculated from a food frequency questionnaire. Results:
Serum Mg2+ and urinary EGF/creatinine were significantly lower in the CNI treated children,
with significantly more CNI-treated children developing hypomagnesaemia. In the latter patients,
the fractional excretion of magnesium (FE Mg2+) was significantly higher. Urinary EGF, age, renal
function, and serum magnesium were independent predictors of the FE Mg2+. Only 29% of the
children reached the recommended daily intake of magnesium. The magnesium intake did not differ
between hypomagnesemic and normomagnesemic patients and was not a predictor of the FE Mg2+.
Conclusions: In CNI-treated children who developed hypomagnesemia, the FE Mg2+ was increased.
The urinary EGF concentration, age, and renal function are independent predictors of the FE Mg2+.

Keywords: epidermal growth factor; magnesium; children; magnesium intake; fractional excretion;
calcineurin inhibitor; kidney transplantation; nephrotic syndrome

1. Introduction

Magnesium (Mg2+) is an intracellular cation with roles in multiple physiologic processes, such as
parathyroid metabolism, cardiovascular tone, nerve conduction, and the proper function of adenosine
triphosphate complexes [1]. Furthermore, it also plays an important role in bone metabolism [2]. In the
growing child, it is, therefore, essential to maintain a positive Mg2+ balance so that the amount of Mg2+

needed for growth and metabolic needs is ensured [2]. This balance requires interaction between the
gut, the kidney, and the bone. Mg2+ is absorbed from the food in the gut and stored in the bone, while
Mg2+ excess is excreted by the kidneys in the feces [3].

The recommended Mg2+ intake in children depends on their age, with increasing needs during
adolescence to meet pubertal growth needs. The recommended intake approximates 130–150 mg/day
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for ages 4–8 year [2], 240 mg/day for ages 9–13 year, and 340 mg/day for boys and 300 mg/day for girls
aged 14–18 year [4]. Magnesium deficiency is rare in healthy subjects as Mg2+ is widely present in food
sources, such as dairy, nuts, whole cereal grains, green vegetables, dark chocolate, and legumes [5–7].
However, in a Cypriot population, none of the children aged 6–19 year met the recommended Mg2+

intake, with the highest prevalence of insufficiency in the adolescents [8]. Additionally, in chronic
kidney disease (CKD) patients, magnesium intake has been shown to be below the recommended
level [9]. The main nutrition-related goals for CKD patients involve slowing of the kidney failure
progression rate, maintaining good nutritional status, and minimizing CKD complications, such as
metabolic disorders and proteinuria. The nutrition requirements differ among patients with various
stages of kidney function and proper nutrition is, therefore, difficult to fulfil in CKD patients [10].
Hypomagnesemia is defined as a serum Mg2+ concentration below 0.7 mmoL/L [11]. Most cases of
hypomagnesemia in clinical practice, however, are asymptomatic. The clinical manifestation may
depend more on the total body Mg2+ deficit rather than on the actual serum Mg2+ levels. Personality
changes, muscle weakness, tremor, and dysphagia may occur at concentrations of <1.45 mg/dL,
while confusion and a decreased consciousness develop at concentrations of ≤1.00 mg/dL [12].
Hypomagnesemia has been reported in children with malignancy and in those being treated for
malnutrition [1]. In hospitalized children at the pediatric intensive care unit, a 20% to 60% incidence of
hypomagnesemia has been reported [1].

Calcineurin inhibitors (CNIs), especially cyclosporine-A (CsA) and tacrolimus (TAC), are widely
used immunosuppressive agents. Since the 1970s, CNIs are commonly administered to kidney
transplant recipients or after other solid organ transplantation to reduce the rejection rate and improve
early graft survival, although long-term nephrotoxicity is a serious side effect [13]. CNIs are also used
for the treatment of steroid-resistant or steroid-dependent idiopathic nephrotic syndrome [13].

Besides nephrotoxicity, CNIs also induce functional alterations and ion homeostasis disturbances,
such as hypomagnesemia and renal magnesium wasting, hyponatremia, hyperkalemia, hyperchloremic
metabolic acidosis, and hyperuricemia [14,15]. Two ion channels play an important role in the Mg2+

homeostasis, TRPM6 and TRPM7. TRPM6 has an expression pattern predominantly present in
absorbing epithelia. In the kidney, TRPM6 is expressed in the distal convoluted tubule, known as
the main site of active transcellular Mg2+ reabsorption along the nephron. TRPM7 is ubiquitously
expressed and implicated in cellular Mg2+ homeostasis, cell death, and cell cycle regulation [16,17].
A decade ago, it was demonstrated that epidermal growth factor (EGF) plays a crucial role in the
stimulation of the renal Mg2+ channel TRPM6 [18,19]. Our research group demonstrated in a rat model
that a combined decrease in the expression of renal EGF and the Mg2+ channel TRPM6 is responsible
for CsA-induced renal Mg2+ loss [20]. In a translational clinical setting in adults, an increased FE Mg2+

was observed in CsA-treated patients who developed hypomagnesemia associated with decreased
urinary renal EGF levels [21].

Besides its role in magnesium homeostasis, EGF is involved in many biological responses,
including cell proliferation, differentiation, and migration, as well as pathophysiological events,
such as tissue repair including ulcer and wound healing, or tissue repair, after ischemia/reperfusion
injury [22,23]. EGF is also involved in inflammation, showing protective effects in animal models of
pancreatitis [24]. Moreover, the correlation between EGF and other growth factors, such as transforming
growth factor β (TGF-β) and platelet derived growth factor, needs to be considered [25,26].

In the present study, we aimed to investigate if children who were treated with CNIs developed
hypomagnesemia and/or renal Mg2+ loss, and if the urinary EGF expression level is related to the
fractional excretion of Mg2+ (FE Mg2+). Furthermore, we investigated whether Mg2+ intake was related
to the serum Mg2+ level and the FE Mg2+ in patients treated with CNIs.
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2. Materials and Methods

2.1. Study Design

We performed a longitudinal observational clinical trial. Patients were included between March
2016 and February 2018 at the Antwerp University Hospital. Ninety-six patients were recruited in this
study and divided into 2 subgroups. Group 1: Patients treated with CNI (n = 50); subdivided into
renal transplant patients treated with CNI (n = 23; group 1A) and patients with nephrotic syndrome
treated with CNI (n = 27; group 1B). Group 2: Non-CNI treated patients (n = 46); subdivided into
patients with CKD as a control group for group 1A (n = 24; group 2A) and patients with nephrotic
syndrome not treated with CNI as a control group for group 1B (n = 22; group 2B). Exclusion criteria
were an estimated glomerular filtration rate (eGFR) < 20 mL/min/1.73 m2, use of cisplatin, diuretics
or aminoglycosides, diabetes mellitus, and an active urinary tract infection.

At 3 time points, with an interval of at least 1 month, blood and urine samples were collected
from each patient to determine creatinine, magnesium, and EGF (urine). In the nephrotic syndrome
patients, samples were collected during a period of remission. At one time point during the study,
a Food Frequency Questionnaire was performed to obtain the frequency and portion size information.

A healthy control group (n = 103 healthy children) was included to determine serum and urine
EGF reference values in children. From these patients, age, gender, weight, and length were obtained.
From 42 patients, at 1 time point, both urine and serum were sampled, from 31 patients, only urine
was sampled, and from 30 patients, only serum was sampled.

The study was conducted in accordance with the Declaration of Helsinki and the principles of
Good Clinical Practice. The study protocol was approved by the Ethics Committee of the Antwerp
University Hospital (file number 9/44/231). All patients and their parents and/or legal guardians
gave a written informed consent.

2.2. Magnesium Intake Questionnaire and Nubel®

A Food Frequency Questionnaire was performed to obtain standardized information on food
intake, with special attention to the frequency and portion size information. This information was then
entered into the dietary software program Nubel® food planner (Nubel v.z.w. Eurostation, Brussels,
Belgium) to analyse the daily Mg2+ intake. Nubel® is a Belgian non-profit organization responsible
for the management of the nutritional and scientific information of food products in Belgium [27].
In patients treated with magnesium supplements, the amount of magnesium substitution was added
to the daily magnesium intake from the food to calculate the total magnesium intake. The magnesium
intake was then calculated as a percentage of the reference daily intake (RDI; Nubel) and thus corrected
for age.

2.3. Determination of Creatinine, Magnesium, and CsA Levels

Serum and urine creatinine and magnesium, and whole blood CsA levels were analyzed with the
Dimension Vista system (Siemens Healthcare Diagnostics, Deerfield, MA, USA) using an ECREA, Mg,
or CsA flex® reagent cartridge, respectively. FE Mg2+ was calculated using the following equation:
FEMg = 100 × (UMg × SCr)/[(0.8 × SMg) × UCr], with UMg urinary excretion of Mg2+ (mg/dL), SCr

serum creatinine (mg/dL), SMg serum Mg2+ (mg/dL), and UCr urinary excretion of creatinine (mg/dL).
The serum Mg2+ concentration was multiplied by 0.8, since, in children, only 80% of the serum Mg2+

is freely filtered by the glomerulus, with the remaining part being protein-bound [28].
Creatinine clearance was calculated using the Bedside Swartz equation, which is the recommended

equation to estimate the GFR in children [29].
Since it is known that estradiol might influence renal magnesium reabsorption [30], serum

estradiol levels were measured in female children using the Elecsys Estradiol III Assay (Cobas®,
Roche Diagnostics GmbH, Mannheim, Germany). TAC levels were measured with the Elecsys
Tacrolimus Assay.
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2.4. Determination of Urinary EGF

Urinary EGF was measured using an EGF human Elisa kit® (Invitrogen, Waltham, MA, USA),
according to the manufacturer’s guidelines. The detection limit of this assay was 3.9 pg/mL.
A preliminary experiment (n = 10) was performed to test the intra- and inter-variability of the EGF
human Elisa kit®, showing a mean intra-assay coefficient of variance of 9.82% and an inter-assay
coefficient of variation of 9.81%.

2.5. Statistical Analysis

All data were analysed using SPSS (version 24.0). Statistical significance was predetermined as
p-value < 0.05. Normality of cross-sectional data (such as magnesium intake) was tested by applying
the Kolmogorov-Smirnov test. Parametric data are expressed as mean ± standard deviation (SD) and
non-parametric data are expressed as median (minimum-maximum). The correlation of magnesium
intake with other variables was tested with a Pearson or Spearman correlation test for parametric
or skewed data, respectively. Generalized Estimating Equations (GEE) were used to analyse the
data collected per visit since the groups had unequal sample sizes. Moreover, the number of visits
per patient varied from 1 to 3. GEEs were used to calculate the estimated means of variables and
to compare them between groups. Models were constructed to study the time-dependency of the
variables and to determine the relationship between outcome variables, such as FE Mg2+ and urinary
EGF excretion, and a number of other predictors.

3. Results

3.1. Population Demographics

Group Descriptions

From 89% of the patients, three consecutive samples were collected, while from 9% of the patients
only two samples were collected, and from 2% of the patients only one sample was collected. In the
entire study population, the median age was 12.0 year (2.3–20.3 year). Seventy-one percent of the
patients were male, the mean weight was 43.0 ± 18.0 kg, the median length was 147.5 cm (88–190 cm),
and the median BMI z-score was 0.16 (−2.24–2.82).

The demographic data per group are displayed in Table 1.

Table 1. Demographic data of the study groups.

Group
Renal Tx + CNI

(n = 23)
CKD − CNI

(n = 24)
NS + CNI

(n = 27)
NS − CNI

(n = 22)

Age (year) 13.4 (2.2–20.3) 11.1 (3.2–18.9) 12.5 (3.1–19.5) 12.3 (3.7–18.7)

Gender (M/F; %) 87/13 62/38 71/29 64/36

Length (cm) 151 (88–183) 145 (95–176) 149 (92–190) 149 (101–183)

Weight (kg) 43 ± 17 42 ± 16 46 ± 23 42 ± 15

BMI z-score 0.40 (−2.10–1.13) 0.24 (−2.24–2.05) 0.17 (−1.57–2.12) −0.09 (−1.86–2.82)

Mg2+ intake (% of RDI) 89 (37–684) 86 (63–436) 87 (45–299) 86 (41–383)

Patients who exceeded the
RDI for Mg2+ intake (%) 27.3 30.4 30.8 42.1

Mg2+ supplements (%) 13.0 8.0 13.8 25.0

Normally distributed variables are presented as mean ± SD; skewed data are presented as median
(minimum-maximum). None of the presented variables significantly differed between the groups. Tx: Transplantation;
CNI: Calcineurin inhibitor, CKD: Chronic kidney disease, NS: Nephrotic syndrome, RDI: Reference daily intake
(corrected for age).
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3.2. Kidney Function, Magnesium, EGF, and CNI Levels

In the entire study population, the median serum creatinine was 0.77 mg/dL (0.27–2.97 mg/dL),
the creatinine clearance was 80 mL/min/1.73 m2 (19–180 mL/min/1.73 m2), serum Mg2+ was
0.80 mg/dL (0.42–1.22 mg/dL), and the FE Mg2+ was 4.70% (0.16–21.47%). From all the patients, 29.3%
developed hypomagnesemia at least at 1 time point during the study. The mean urinary EGF was
10.51 ng/mL (1.14–182.70 ng/mL) and the mean serum EGF was 811.73 pg/mL (33.07–2014.33 pg/mL).
A detailed overview per group is shown in Table 2.

In the female patients (n = 28), the median estrogen level was 34.86 pg/mL (2.5–268.3 pg/mL)
and did not differ between groups. From these patients, 29.6% had serum estrogen levels below the
detection limit.

Table 2. Urine and serum analyses; data are presented in 4 groups.

Group
Renal Tx + CNI

(n = 23)
CKD − CNI

(n = 24)
NS + CNI

(n = 28)
NS − CNI

(n = 22)

Serum Creatinine (mg/dL) 1.11 (0.08) §# 1.27 (0.14) #§ 0.72 (0.07) #$* 0.54 (0.03) $*§

Creatinine clearance
(mL/min/1.73 m2) 59 (3) §# 62 (6) #§ 98 (5) #$* 117 (4) $*§

Urinary protein/creatinine (mg/g) 347.4 (71.8) $ 613.2 (115.0) * 848.0 (333.9) 544.9 (215.8)

Serum Mg2+ (mg/dL) 0.76 (0.02) #$ 0.82 (0.02) *§ 0.78 (0.02) #$ 0.84 (0.01) *§

HypoMg (%) 39.1 $# 16.0 *§ 44.8 $# 10.0 *§

FE Mg2+ (%) 7.82 (0.84 ) §# 7.76 (0.84) 3.95 (0.32) *$ 3.57 (0.28) *$

CsA levels (ng/mL) 666 (45) - 579 (38) -

Tacrolimus levels (ng/mL) 8.62 (0.91) - 7.71 (0.79) -

Serum EGF (pg/mL) 776.6 (39.9) 742.1 (47.8) § 865.5 (40.7) $ 817.2 (55.0)

Urine EGF (ng/mL) 7.0 (1.1) #§ 11.5 (2.4) #§ 35.4 (6.0) $*$ 47.7 (6.6) *$

Urine EGF/creatinine (ng/mg) 0.11 (0.01) $#§ 0.19 (0.03) #*§ 0.33 (0.05) #$* 0.51 (0.07) $*§

The renal Tx patients treated with CNI, the CKD patients, the nephrotic syndrome patients treated with CNI, and the
nephrotic syndrome patients not treated with CNI. Data were analysed with GEE and, therefore, presented as
mean (SE). Tx: Transplantation, CNI: Calcineurin inhibitor, CKD: Chronic kidney disease, NS: Nephrotic syndrome,
CsA: Cyclosporine, EGF: Epidermal growth factor, FE: Fractional excretion. # p < 0.05 vs NS-CNI; $ p < 0.05 vs
CKD-CNI; * p < 0.05 vs Renal Tx + CNI; § p < 0.05 vs NS+CNI.

Patients with Hypomagnesemia versus Patients with Normomagnesemia (presented in Table 3)

Twenty-nine percent of the patients developed hypomagnesemia. Patients who developed
hypomagnesemia showed a higher FE Mg2+ when treated with CNI. The FE Mg2+ was 10.4% (1.8%) in
the renal Tx group and 5.9% (1.7%) in the CKD group (p = 0.073), and 4.9% (0.6%) in the nephrotic
syndrome group treated with CNI compared to 3.5% (<0.1%) in the nephrotic syndrome group not
treated with CNI (p = 0.023). There was no difference in magnesium intake between hypomagnesemic
patients treated with CNI and both control groups (p = 0.243).
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Table 3. Comparison of clinical and laboratory data between patients who developed hypomagnesemia
and nomomagnesemic patients.

Group
Normomagnesemic

Patients (n = 69)
Hypomagnesemic
Patients (n = 28)

p-Value

Age (year) 11.79 (3.20–18.66) 13.91 (3.14–19.53) 0.492
Length (cm) 147 (94.5–190) 155.4 (92–77.5) 0.582
Weight (kg) 42.95 ± 18.39 43.61 ± 19.31 0.683
BMI z-score 0.14 (−2.24–2.82) 0.13 (−1.66–2.12) 0.418

Mg2+ intake (% of RDI) 87 (41–436) 88 (37–684) 0.692
Patients who exceeded the RDI for Mg2+ intake (%) 31.3 34.6 0.419

Serum Creatinine (mg/dL) 0.88 (0.06) 1.01 (0.11) 0.287
Creatinine clearance (mL/min/1.73 m2) 86 (4) 75 (6) 0.122

Urinary protein/creatinine (mg/g) 625.2 (155.8) 561.7 (120.5) 0.747
Serum estradiol (pg/mL) 60.28 (15.83) 67.24 (37.75) 0.865

Serum Mg2+ (mg/dL) 0.83 (0.01) 0.70 (0.01) <0.001
FE Mg2+ (%) 5.41 (0.43) 6.55 (0.72) 0.178

CsA levels (ng/mL) 566.13 (30.70) 685.75 (53.56) 0.053
Tacrolimus levels (ng/mL) 6.90 (0.64) 8.55 (0.99) 0.163

Serum EGF (pg/mL) 802.77 (27.93) 795.60 (40.08) 0.883
Urine EGF (ng/mL) 27.46 (3.50) 18.58 (4.52) 0.120

Urine EGF/creatinine (ng/mg) 0.31 (0.03) 0.22 (0.05) 0.120

Cross-sectional data were analysed with Mann-Whitney-U test and presented as the median (minimum-maximum)
or Student’s t-test (mean ± SD). Longitudinal data were analysed with GEE and, therefore, presented as the mean
(SE). RDI: Reference daily intake, EGF: Epidermal growth factor, FE: Fractional excretion, CsA: cyclosporine.

3.3. Magnesium Intake

The median amount of magnesium intake was 87% (37–684%) of the reference daily intake (RDI,
corrected for age). Only 29% of all patients exceeded the RDI. Although the median magnesium
intake remained stable from 8 year on, the number of children that reached the RDI for magnesium
intake was decreasing with age: 63.2% of the children < 8 year exceeded the RDI for magnesium
intake (median amount was 119% (62–684%)), while this was only 17.9% of children between 8–12 year
(77% (41–151%)), 33.3% between 12–16 year (80% (56–436%), and 21.1% of the >16 year old children
and adolescents (86% (37–323%)).

Magnesium intake was significantly correlated with age (Figure 1A; p < 0.001; r = −0.375), weight
(p = 0.009; r = −0.272), and length (p = 0.002; r = −0.318). The use of Mg2+ supplements was negatively
correlated with magnesium intake (p = 0.095; r = −0.177). Magnesium intake did not correlate with
other variables, such as the BMI z-score, sex, serum Mg levels (Figure 1B), renal function, serum or
urinary EGF concentration, or the presence of hypomagnesemia.

Figure 1. Correlation between the magnesium intake and age (A) and the serum magnesium level (B).
RDI: Recommended daily intake.
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3.4. The Healthy Control Group

The median age in the healthy control group was 13.2 year (3.3–17.9 year). Fifty-four percent of
the healthy control children were male and length, weight, and BMI z-score was comparable to the
study groups.

The serum creatinine was 0.54 mg/dL (0.32–1.09 mg/dL), the creatinine clearance was
108 mL/min/1.73 m2 (66–143 mL/min/1.73 m2), serum Mg2+ was 0.92 mg/dL (0.80–1.07 mg/dL),
and the FE Mg2+ was 3.45% (0.81–5.82%). None of the patients developed hypomagnesemia.

The median urinary EGF was 67.4 ng/mL (17.9–218.8 ng/mL) and the median serum EGF was
807.7 pg/mL (141.6–2087.0 pg/mL). The urinary and serum EGF strongly correlated with age (p < 0.001;
r = −0.406 for urinary EGF and r = −0.447 for serum EGF). Urinary EGF also correlated with creatinine
clearance (p = 0.011; r = 0.408), but not with sex (p = 0.514; r = −0.079), FE Mg2+ (p = 0.819; r = 0.038),
serum Mg2+ (p = 0.478; r = 0.119), or serum EGF (p = 0.405; r = 0.135). Serum EGF also correlated
with the BMI z-score (p = 0.001; r = 0.369) but not with sex (p = 0.054; r = 0.231), creatinine clearance
(p = 0.520; r = 0.108), serum Mg2+ (p = 0.478; r = 0.119), or FE Mg2+ (p = 0.231; r = −0.199).

3.5. Predictors of FE Mg2+

In a univariate GEE analysis, the FE Mg2+ was predicted by the urinary EGF concentration, with
r = −0.57 and p < 0.001 (depicted in Figure 2).

Figure 2. Correlation between the EGF and fractional excretion (FE) of magnesium. Logarithmic
normalized data of the EGF are presented.

Urinary EGF, age, sex, renal function, serum magnesium concentration, the urinary
protein/creatinine ratio, and Mg2+ intake were tested in a multivariate GEE model as predictors
of FE Mg2+. Except for sex (p = 0.747), urinary protein/creatinine ratio (p = 0.192), and Mg2+ intake
(p = 0.593), the other factors appeared to be independent predictors of FE Mg2+ (data presented in
Table 4).

Table 4. Log EGF as a predictor of FE Mg2+.

β p-Value
95% CI

Lower Upper

Log Urinary EGF (ng/mL) −2.084 <0.001 −3.153 −1.015
eGFR (mL/min/1.73 m2) −0.049 <0.001 −0.067 −0.032

Serum Mg2+ (mg/dL) −6.239 0.034 −12.014 −0.463
Age (year) −0.239 0.001 −0.384 −0.094
Constant 20.078 <0.001

In this population, the FE Mg2+ can be calculated using the following formula: FE Mg2+ = 20.078 − 2.084 × log
Urinary EGF − 0.049 × eGFR − 0.239 × Age − 6.239 × serum Mg2+. eGFR: estimated glomerular filtration rate,
EGF: epidermal growth factor.
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4. Discussion

This clinical study revealed several new insights into magnesium homeostasis in children:
(1) Children treated with calcineurin inhibitors had lower serum magnesium levels and, more
frequently, developed hypomagnesemia; (2) In children who developed hypomagnesemia, the FE
Mg2+ was increased in patients treated with calcineurin inhibitors; (3) The urinary EGF concentration
and the FE Mg2+ were inversely correlated in all research groups; (4) We defined a predictive model for
the FE Mg2+ in children, including the urinary EGF concentration, age, renal function, and the serum
magnesium concentration; (5) We found that only 29% of the children exceeded the RDI for magnesium
intake, which further decreased with age; and (6) Magnesium intake was negatively correlated with
the use of magnesium supplements.

In this study, we found that children treated with CNI showed significantly lower serum
magnesium levels and that they were significantly more likely to develop hypomagnesemia. This is in
line with previous findings in children [31–34] and adults [21]. In adults and animal models, it was
shown that hypomagnesemia is caused by renal magnesium wasting [20,21,35]. CNI treatment lead to
a decreased renal EGF production, resulting in a decreased magnesium channel TRPM6 expression in
the distal convoluted tubule and, thus, a decreased renal magnesium reabsorption [20,35]. However,
in children the pathogenesis of CNI induced hypomagnesemia is less clear as few studies have
found a normal FE Mg2+ after CNI treatment, despite the development of hypomagnesemia [31,36].
In the present study, we demonstrated for the first time that the FE Mg2+ increased in children who
developed hypomagnesemia when treated with CNI. This effect was independent from the magnesium
intake as children who developed hypomagnesemia had an equal magnesium intake compared to
normomagnesemic children. In addition to this finding, the urinary EGF concentration and the FE
Mg2+ were inversely correlated, thus supporting the role of EGF in the renal magnesium reabsorption
in children. In a multivariate model, EGF remained a significant predictor of the FE Mg2+. Our results
pinpoint to a similar mechanism of renal magnesium reabsorption in children as was demonstrated
in adults and rats: Renal EGF stimulates the magnesium reabsorption via the TRPM6 channel in the
distal convoluted tubule. To strengthen this hypothesis, a study should be conducted investigating
EGF and TRPM6 in renal biopsies. However, as this would indicate an invasive procedure in children,
ethical approval can never be obtained in a study context alone.

Additionally, from the multivariate model, age also appeared to be an independent predictor of
the FE Mg2+ in children, with a positive correlation coefficient. In healthy children, it was shown that
the FE Mg2+ did not correlate with age [37]. In the present study, only children with an underlying
kidney disease were included. Several kidney diseases are accompanied by renal magnesium wasting
in children, such as genetic disorders [38] or tubular dysfunction after acute tubular necrosis, or
post-obstructive diuresis [39,40]. From our data, the FE Mg2+ increases with age in this population,
which might indicate that the duration of the kidney disease is of importance in the development of
renal magnesium wasting. As we did not go into detail on this finding, this would be an interesting
topic for further research.

In children, the renal function also predicts the FE Mg2+. A few other studies have already
established a relation between the FE Mg2+ and the renal function. In children who recovered
from ischemic acute tubular necrosis, it was shown that the FE Mg2+ declined, while the renal
function improved [41]. This accords with the physiological principles as the FE Mg2+ is calculated
from the serum creatinine (which is higher in patients with renal failure) and the urinary creatinine
(which is lower in patients with renal failure). Therefore, an improvement of creatinine clearance
would mathematically result in a decrease in the FE Mg2+. To overcome this mathematical issue,
biomarkers of kidney function other than creatinine should be determined, such as urine neutrophil
gelatinase-associated lipocalin (NGAL), chromium-51 EDTA, or cystatin-C, which have been shown to
be reliable markers of acute kidney injury as well as chronic kidney disease [42–44]. In the present study,
the renal function of the children with CKD (the CKD group) was also determined with chromium-51
EDTA analysis (data not shown), which showed a significant relation with the FE Mg2+. Also in
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pediatric patients after kidney transplantation, FE Mg2+ was negatively correlated with the renal
function [45,46]. In adult patients, the renal function did not predict FE Mg2+ [21]. In that study, both
the renal transplant group and the CKD control group were matched for renal function, which might
explain why the relation was not found. In the present study, children with a decreased renal function
(renal transplant group and CKD group), as well as children with a normal creatinine clearance (both
nephrotic syndrome groups), were included.

The protein/creatinine ratio was increased in all groups in this study population, however, below
the nephrotic range proteinuria. Normal protein/creatinine ratios up to 340 mg/g were reported
in healthy children [47], while nephrotic range proteinuria is defined as protein/creatinine ratio
>2 g/g creatinine [48]. The protein/creatinine ratio did not differ between patients with and without
hypomagnesemia and was not independently related to the FE Mg2+, suggesting that renal magnesium
loss is not due to proteinuria.

Only 29% of the children reached the recommended amount of magnesium intake, which
negatively correlated with age, with a higher magnesium intake more likely at a younger age.
A few other European studies also found that older children had a higher prevalence of inadequate
magnesium intake compared to younger children [8,49,50]. The average magnesium intake was the
highest in the youngest children (<8 year), while the lowest intake was in the 8 to 12 year old children.
From then on, the average magnesium intake increased with age which was also found in one other
report [50]. In our study cohort, this was explained by the use of magnesium supplements, a treatment
that is prescribed to patients with hypomagnesemia or patients susceptible to the development of
hypomagnesemia. Our findings contrasted with a study of white and African-American girls, in which
the magnesium intake decreased with age [51].

Our study has several strengths that led to new insights into the pathogenesis of CNI-induced
magnesium loss in children. Despite the low incidence of nephrotic syndrome and renal transplantation
in children, we were able to include sufficient numbers of patients. The longitudinal study design, with
a low drop-out rate and age, gender, and renal function, matched the control groups and enabled us to
draw sound conclusions. The most important limitation of the present study is that the CNI treated
patients were included when they were already on treatment with CNI, sometimes for several years
already. It would be of interest to include the patients at the moment CNIs are initiated and perform
a long-term follow-up study over several years to study the time course influence of CNI on the renal
EGF expression and renal magnesium loss. However, as CNI treatment is rare in children, with the
low incidence of CNI-dependent nephrotic syndrome and kidney transplantation, the inclusion of
sufficient children would take years.

5. Conclusions

In CNI-treated children who developed hypomagnesemia, the FE Mg2+ was increased.
The urinary EGF concentration was an independent predictor of the FE Mg2, as were age and
renal function.
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Abstract: Magnesium (Mg) status has recently drawn close attention in chronic kidney disease
and in kidney transplant recipients. This review aims to evaluate the body of evidence linking
hypomagnesemia to clinical consequences in these specific populations. After a brief summary of the
main mechanisms involved in Mg regulation and of Mg status in end-stage renal disease, the review
focuses on the relationship between hypomagnesemia and cardiovascular risk in kidney transplant
recipients. A body of evidence in recent studies points to a negative impact of hypomagnesemia on
post-transplant diabetes mellitus (PTDM) and cardiovascular risk, which currently represent the main
threat for morbidity and mortality in kidney transplantation. Deleterious biological mechanisms
induced by hypomagnesemia are also discussed. While data analysis enables us to conclude that
hypomagnesemia is linked to the development of PTDM, studies prospectively evaluating the impact
of hypomagnesemia correction after kidney transplantation are still lacking and needed.

Keywords: Magnesium-Kidney; transplantation-New-onset; diabetes after transplantation-
cardiovascular risk

1. Magnesium: Physiology

Magnesium (Mg) is the fourth cation of the body and the second most prevalent intracellular
cation [1]. Approximately half of total body Mg is located in bone [2], the remainder being contained
in skeletal muscles and soft tissues [1]. Extracellular Mg represents only 1% of total body Mg [3] and is
mostly found in serum with concentrations ranging between 0.65 to 1.05 mmol/L [4] and in red blood
cells [3]. It is present in three different states: ionized Mg (55–70%), protein-bound Mg (20–30%), and
Mg complexed with anions such as bicarbonate or phosphate (5–15%) [1].

Mg homeostasis is mainly dependent on intestinal absorption and renal excretion. In the intestine,
absorption is modulated by luminal Mg concentration, at high concentrations, Mg is regulated by
an active transcellular transport and passive paracellular diffusion; whereas in low concentrations,
Mg is absorbed by an active transcellular pathway involving a Transient Receptor Potential Melastatin
6 (TRPM6) channel expressed on the small intestine cells [5].

In patients with normal kidney function, around 70 to 80% of plasma Mg is ultra-filtrable. About
40% of the filtered Mg is reabsorbed in the proximal tubule by paracellular uptake, while 50% is
absorbed in the ascending limb of the loop of Henle and 5% is absorbed in the distal tubule by an active
transport. Thus, only 5% of filtered Mg is excreted in final urine, but this excretion can vary widely
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from 0.5 to 70% to keep plasma Mg concentration within the normal range [6]. Figure 1 summarizes
Mg exchange in nephron.

Hypomagnesemia is frequently associated with hypokalemia [7]. This is mainly due to common
disorders leading to ion wasting, such as through diuretic intake or diarrhea.

However, reduction of intracellular Mg concentration induces a decline in ATP activity that in
turn affects potassium ATP-dependent channels located in the ascending limb and cortical collecting
tubule, leading to urinary potassium loss [8,9]. This mechanism may explain the common resistance to
hypokalemia correction until hypomagnesemia is normalized.

Figure 1. Magnesium exchanges in nephron. PCT, proximal convoluted tubule; DCT, distal
convoluted tubule.

2. Clinical Signs and Etiologies of Hypomagnesemia

Clinical manifestations of hypomagnesemia are quite unspecific. Early signs include nausea,
vomiting, anorexia and weakness [1]. Neuromuscular signs can also be present, including numbness,
tingling, cramps, fasciculation seizures and neuropsychological disorders [1]. Severe hypomagnesemia
has been associated with cardiac arrhythmia and coronary spasm [10]. Mg depletion can induce
changes in electrocardiogram readings from pointed T waves in mild hypomagnesemia to widening of
the QRS complex, prolongation of the PR interval and ventricular arrhythmias in patients with severe
Mg depletion. Arrhythmias are more frequently observed in the setting of an acute ischemic event [11],
congestive heart failure—partly due to the administration of diuretics—or after a cardiopulmonary
bypass [12]. Some authors showed that administration of magnesium after a cardiopulmonary bypass
may prevent postoperative arrhythmias [13].

Hypomagnesemia results mainly from gastrointestinal and renal losses. Gastrointestinal losses
can arise from diarrhea, malabsorption, steatorrhea, small bowel bypass surgery, acute pancreatitis
and dietary deprivation [14]. Rarely, hypomagnesemia may occur due to a selective defect in the
intestinal Mg absorption, also known as primary intestinal hypomagnesemia. Urinary Mg losses can
be induced by loop or thiazide-type diuretics, volume expansion, alcohol, hypercalcemia, nephrotoxins
such as aminoglycoside antibiotics, cisplatin or cyclosporine. Urinary Mg wasting can also be due
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to loop of Henle or distal tubule dysfunction, after acute tubular necrosis, post-obstructive diuresis
or kidney transplantation [1,14]. Lastly, primary renal Mg wasting was observed in Bartter and
Gitelman syndromes, in which hypomagnesemia is associated with hypercalciuria and hypocalciuria
respectively [14].

3. Magnesium Status in CKD Patients

Chronic kidney disease (CKD) is frequently associated with hypermagnesaemia, which is
usually mild or asymptomatic until end-stage renal disease (ESRD). In moderate CKD patients,
increased fractional excretion of Mg compensates for a decline in renal function, providing a stable
serum Mg within the normal range. However, in CKD stages IV-V, this compensatory mechanism
becomes insufficient which results in hypermagnesaemia [6]. Thus, in this setting, dietary Mg intake
and administration of Mg-containing drugs, such as laxatives or antacids, can more easily induce
hypermagnesaemia [6]. Alternatively, Mg balance may be negative in some ESRD patients on high
doses of diuretics, with reduced gastrointestinal uptake induced by severe metabolic acidosis or
reduced albumin levels [5].

Dialysate Mg concentration has a significant impact on Mg balance in hemodialysis (HD) or
peritoneal dialysis (PD) patients. Indeed, Mg has a significant diffusion across dialysis membranes
and its elimination depends on ultrafiltration and the diffusible gradient between the serum and
dialysate concentration. A significant reduction in serum Mg concentration has been observed in
HD patients, probably due to the Gibbs–Donnan effect [15]. Conversely, mild hypermagnesemia is
frequently observed in PD patients, because Mg concentration of PD “standard dialysate” is about
0.75 mmol/L [16]. Interestingly, bone appears as the greatest Mg reservoir in CKD patients. To support
this, a 70% increase in both cortical and trabecular bone Mg content has been reported in uremic
patients, compared to non-uremic patients, suggesting that dialysis induces positive net Mg balance in
ESRD patients.

4. Magnesium and Cardiovascular Risk in CKD Patients

Several studies have shown an association between Mg status and survival in ESRD patients.
Indeed, Ishimura et al. investigated the prognostic value of serum Mg concentration in 515 patients on
maintenance hemodialysis (60 ± 12 years, 306 males and 209 females; 24% diabetics). Mortality was
significantly higher in the lower Mg group (<2.77 mg/dL, i.e., <1.14 mmol/L, n = 261), compared to
the higher Mg group (≥2.77 mg/dL, n = 254) (p < 0.001). Thus, serum Mg was predictive of mortality
(HR (per 1 mg/dL increase), 0.485 (95% CI, 0.241–0.975), p = 0.0424), particularly of non-cardiovascular
mortality (HR 0.318 (95% CI, 0.132 to 0.769), p = 0.0110), after adjustment on confounding factors,
including age, gender, hemodialysis duration and presence of diabetes [17]. Likewise, in a nationwide
registry-based cohort of 142,555 hemodialysis patients, Sakaguchi et al. moreover observed a U-shaped
relation with higher all-cause and cardiovascular mortality of patients in both the lowest Mg sextile
(<0.95 mmol/L) and the highest (>1.27 mmol/L) [18].

Several studies maintain that the increased cardiovascular mortality in hypomagnaesemic ESRD
patients may be related to accelerated atherosclerosis. In an observational study, PD patients who
developed arterial calcifications had significantly lower serum Mg levels (p < 0.001) [19]. Similar
results were found in a retrospective cohort of 390 non-diabetic and hemodialysis patients. Serum
Mg was significantly lower in patients with vascular calcification than in those without (2.69 ± 0.28
vs. 2.78 ± 0.33 mg/dL, p < 0.05). Serum Mg concentration appeared as an independent risk factor of
vascular calcification (OR 0.28, 95% CI 0.09–0.92/1 mg/dL increase in serum magnesium, p = 0.036)
after adjustments for age, gender, duration of hemodialysis, calcium, phosphate and intact parathyroid
hormone concentrations [20]. Given these observations, some authors investigated the effect of Mg
supplementation in ESRD patients. In one study, 47 hemodialysis patients were randomized to
one group receiving oral Mg citrate (610 mg per day) and oral calcium acetate, and the other oral
calcium acetate and a placebo. After 2 months, patients receiving Mg had a significant decrease in
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intima-media thickness (0.70 vs. 0.97 mm, p = 0.001 and 0.78 vs. 0.95 mm, p = 0.002 for left and right
carotid arteries respectively) [21]. In another work, hemodialysis patients were randomized to receive
low (0.5 mmol/L) or high (0.75 mmol/L) dialysate Mg and were followed-up for 3 years. No difference
was observed for all-cause mortality between groups, but an increase in cardiovascular mortality was
observed after 3 years in the low dialysate Mg group (14.5% vs. 0%, p = 0.042) in HDM group [22].

5. Magnesium Status after Kidney Transplantation and Relation with Graft Function

Hypomagnesemia is frequently observed after kidney transplantation, in part to immunosuppressive
regimens including calcineurin inhibitors (CNI) that induce Mg urinary waste. Hypomagnesemia
was observed in 6.6% of patients treated with tacrolimus and in 1.5% of patients on cyclosporine [23].
The mechanisms leading to hypomagnesemia are not fully understood, but it has been shown that
CNI induce a down-regulation of renal expression of the epidermal growth factor [24] and TRMP6
in the distal collecting tubule [25], leading to decreased Mg reabsorption. Sirolimus might induce
hypomagnesemia through inhibition of Na-K-Cl co-transporter 2 expression in the thick ascending loop
of Henle [26]. Renal Mg wasting has been shown to be similar between rats treated with sirolimus and
those treated with cyclosporine or tacrolimus [27]. Many other factors influence Mg levels after kidney
transplantation, such as post-transplantation volume expansion, metabolic acidosis, insulin resistance,
decreased gastro-intestinal absorption due to diarrhea, low Mg intake and medication such as diuretics or
proton pump inhibitors [28].

Hypomagnesemia was reported to develop frequently within the first few weeks following
transplantation [29], with a serum Mg level nadir in the second month post-transplantation [30].
Hypomagnesemia may persist for several years after kidney transplantation. In a cohort of 49
kidney transplant recipients, 22.4% of patients had hypomagnesemia 6 years after transplantation [31].
As observed in the general population, serum Mg levels were inversely correlated with glomerular
filtration rate [32].

The relationship between serum Mg and graft function has been poorly evaluated in literature.
In a cohort study published in 2005, 320 kidney recipients were divided into two groups, based on
median Mg level in the entire cohort: the low serum Mg group (n = 29, 0.74 (0.68–0.78) mmol/L)
compared to the normal Mg group (n = 31, 0.9 (0.82–0.98) mmol/L, p < 0.05). The authors showed
that hypomagnesemia was associated with a greater decline in allograft function and an increased
risk of graft loss for patients with ciclosporine-induced nephropathy [33]. In animals studies,
hypomagnesemia is associated with glomerular dysfunction and the development of chronic fibrotic
lesions [34]. In mice treated with cyclosporine, Mg supplementation improved renal function and
decreased kidney fibrotic lesions [35]. Likewise, Mg supplementation in cyclosporine-treated rats was
associated with a reduction in tubular atrophy and interstitial fibrosis and prevented kidney function
decline [34].

In murine studies, Mg supplementation has been shown to exert an effect using several
mechanisms, including innate immune pathways. Indeed, Mg supplementation inhibits monocyte and
macrophage recruitment, partly by abolishing expression of chemoattractant proteins (osteopontin
and monocyte chemoattractant protein-1), fibrogenic molecules and extracellular matrix proteins [36].
Moreover, Mg induces down-regulation of endothelin-1 expression [36] and decreased nuclear factor
kappa-light-chain-enhancer of activated B cells (NFkB) activation [37].

These data in human and mice converge to suggest that hypomagnesemia is not only
associated with accelerated decline of graft function but is also an active contributor to renal lesions.
Thus, prospective studies are needed to analyze the potential benefits of Mg supplements on graft
function after kidney transplantation.
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6. Serum Magnesium and New-Onset Diabetes Mellitus after Transplantation

6.1. Serum Magnesium and Diabetes Mellitus in the General Population

Hypomagnesemia has been reported to occur in 13.5 to 47.7% of non-hospitalized patients with
type-2 diabetes [38]. Poor dietary Mg intake, glomerular hyperfiltration, osmotic diuresis, recurrent
metabolic acidosis, hypophosphataemia and hypokalemia are all potential contributing factors for
hypomagnesemia in diabetic patients [38,39]. A higher incidence of hypomagnesemia was reported in
females as compared to males on a 2-to-1 ratio [40]. Several authors showed an inverse correlation
between Mg intake and the risk of developing diabetes mellitus [41–44]. Moreover, in a study including
39,345 US women followed-up for 6 years, the protective role of high Mg intake was higher in the
subgroup of overweight women [42]. In the Atherosclerosis Risk in Communities Study, low serum
Mg level was an independent risk factor for incident diabetes mellitus [44].

The diabetogenic effects of hypomagnesemia are not yet well understood and have been
attributed to several mechanisms. Data supporting the fact that hypomagnesemia may induce
altered cellular glucose transport, reduced pancreatic insulin secretion, defective post-receptor insulin
signaling and/or altered insulin–insulin receptor interactions have been reported. Dietary-induced
Mg deficiency increased urinary thromboxane concentration and enhanced angiotensin-induced
aldosterone synthesis, resulting in resistance to the effect of insulin [45]. This may be due to changes of
tyrosine kinase expression on insulin receptor level and/or induction of inflammation and oxidative
stress [46]. Conversely, it is interesting to note that oral Mg supplementation during a 16-week
period showed an improvement in insulin sensitivity and a better metabolic control in type-2 diabetic
patients [47].

6.2. Serum Magnesium and New-Onset Diabetes Mellitus after Transplantation

After transplantation, diabetes mellitus is frequently observed, with incidences ranging from 10 to
30%, depending on the criteria used for diagnosis and the length of follow-up [48,49]. Post-transplant
diabetes mellitus (PTDM) affects both patient and graft survival [50], highlighting the importance
of identifying potentially modifiable risk factors. Several risk factors for PTDM have already been
identified, such as older age, male gender, ethnicity, acute rejection, hepatitis C, higher body mass
index, higher pre-transplant glucose levels and higher trough tacrolimus levels [51–53], some of
them being common risk factors for type-2 diabetes in the general population. Hypomagnesemia
has recently been identified as an independent risk factor for PTDM, however with some conflicting
data in literature. Van Laecke et al., in a retrospective study, were the first to identify a relationship
between PTDM and post-transplant Mg level in a cohort of 254 kidney transplant recipients. Serum
Mg values were recorded at months 1 and 2 after transplantation. 29.5% of recipients developed PTDM
after a mean time of 90 ± 80 days post-transplantation. Patients with PTDM had significantly lower
Mg levels compared to those without (p < 0.001). Post-transplant Mg appeared as an independent
predictor of PTDM after adjustment on classical risk factors and on CNI use. Moreover, the association
between the use of CNI and PTDM disappeared after adjustments to Mg levels in the multivariate
analysis, suggesting that the diabetogenic effect of CNI may be more related to hypomagnesemia
itself than to CNI [53]. In another study recently published, the association between serum Mg
level and PTDM was examined in a retrospective cohort study of 948 non-diabetic kidney transplant
recipients. The authors used multivariable Cox proportional hazards models to evaluate the risk of
PTDM as a function of baseline (at 1 month post-transplantation), time-varying (every 3 months)
and rolling-average (mean for 3 months moving at 3-month intervals). Hypomagnesemia, defined as
a serum Mg concentration below 0.74 mmol/L, was significantly associated with an increased risk of
PTDM in baseline (HR, 1.58; 95% CI, 1.07 to 2.34; p = 0.02), time-varying (HR, 1.78; 95% CI, 1.29 to 2.45;
p = 0.001) and rolling-average models (HR, 1.83; 95% CI, 1.30 to 2.57; p = 0.001) [54].

The association between hypomagnesemia and PTDM was also studied in pediatric kidney
recipients. In a retrospective cohort of 173 young recipients with a median age of 7 years
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at transplantation, 20 patients developed PTDM at 9 days post transplantation on average.
Hypomagnesemia and high tacrolimus levels were significant and independent risk factors for PTDM
(p = 0.01 and p < 0.001, respectively). No association between hypomagnesemia and tacrolimus
levels was observed, suggesting that both risk factors were independent from each other [55].
Conversely, in a cohort study of 451 pediatric solid organ transplant recipients, Chanchlani et al.
failed to identify an association between hypomagnesemia and PTDM. However, lack of close Mg
monitoring and frequent Mg supplementation in their cohort (75% of children) make the study difficult
to interpret [56]. Two other studies failed to demonstrate a significant difference in Mg levels between
PTDM and non-PTDM adult recipients [57,58]. Osorio et al. analyzed 589 kidney recipients and did
not identify a relationship between Mg levels and occurrence of PTDM in patients receiving CNI
treatment [57]. Santos et al. observed similar results in a cohort of 205 kidney recipients [58]. However,
again, in these studies, no information was given about immunosuppressive regimens, which also
limits their interpretation.

In order to minimize the possible effect of post-transplant confounders, our group evaluated the
relationship between pre-transplant hypomagnesemia and the risk of PTDM in a cohort of 154 kidney
transplant recipients. 28 patients (18.2%) developed a PTDM within the first year of transplantation,
and in most patients within the first 2 months. Patients who developed PTDM were older, had a higher
body mass index and a higher pre-transplant glucose level, compared to patients without PTDM.
The pre-transplant Mg level was significantly lower in patients that developed PTDM (p = 0.014).
Moreover, a pre-transplant Mg level <2 mg/dL compared to >2.3 mg/dL was associated with a higher
risk of PTDM within the first year of transplantation (HR, 2.99; 95% CI, 1.07–8.37, p = 0.037) [49]. In the
field of liver transplantation, a retrospective cohort of 169 patients showed that both pre-transplant
and month 1 post-transplant Mg levels were independent risk factors for PTDM [59]. In these studies,
patients were free of diabetes mellitus at inclusion, thus hypomagnesemia was not the result of Mg
wasting induced by diabetes.

Based on these observations, Van Laecke et al. investigated the effect of Mg supplementation
on post-transplant glucose metabolism [60,61]. In a single-center parallel group study, 54 patients
with serum Mg level ≤1.7 mg/dL were randomized to receive 450 mg oral Mg oxide (MgO) one to
three times daily, aiming for an Mg concentration of >1.9 mg/dL (n = 27) or no treatment (n = 27).
The primary outcome was a fasting serum glucose concentration at 3 months post-transplantation.
Secondary outcomes were the 2 h area under the curve (AUC) for glycaemia and insulin resistance,
assessed by a homeostasis model assessment-estimated insulin-resistance index (HOMA_IR) at month
3 post-transplantation. Six patients in the control group received MgO (450 mg daily) as serum Mg
concentration dropped below to 1.2 mg/dL. Fasting serum glucose concentration was lower in the Mg
group compared to the control group (95% CI; 1.7–21.3; p = 0.02), even after adjustment on tacrolimus
concentrations. No differences were observed between groups for 2 h-AUC glucose and HOMA-IR.
The authors suggest that a disparity in the timing of supplementation and consequent drug exposure
along with the use of tacrolimus versus cyclosporine can explain the smaller effect of their intervention
compared with other trials [60]. Similar results were observed in another study including 52 renal
transplant recipients on tacrolimus with chronic hypomagnesemia. Recipients were randomized to
the Mg group (n = 26), with a similar Mg supplementation as previously described, or the control
group (n = 26). No differences between the groups were observed in first-phase insulin release,
in second-phase insulin release, HbA1c and HOMA-IR index at month 6 post-transplantation [61].
The main limitation of this study was that oral Mg supplementation failed to increase both serum
and intracellular Mg significantly over the concentrations observed in the control group. Thus, it was
impossible to draw conclusions on the effects of Mg supplementation on insulin resistance and
glucose metabolism.

While most studies converge to confirm that hypomagnesemia is an independent risk factor
for PTDM, the impact of hypomagnesemia correction after kidney transplantation has not yet been
fully explored. Literature analysis also highlights the need for studies in order to determine the best
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routes for Mg supplementation, formulations and doses to achieve normal serum Mg concentration in
these patients.

An important issue is the impact of immunosuppressive regimen according to diabetes risk
and their impact on post-transplant Mg status. As underline above, CNI induce renal Mg wasting
which contributes to hypomagnesemia. In the study from Van Laecke et al., the association between
CNI and PTDM disappeared after adjustment on Mg levels, suggesting that the diabetogenic effect
of CNI was at least partially related to CNI-induced hypomagnesemia [53]. The switch from CNI
to mTOR inhibitors has been shown to result in serum Mg increase [62]. Thus, the early use of
mTOR inhibitors soon after transplantation could be an interesting approach to decrease PTDM risk.
However, several reports have shown a diabetogenic effect of mTOR inhibitors, and in the study from
Van Laecke et al., sirolimus appeared as an independent risk factor of PTDM [53,63]. Moreover, the use
of mTOR inhibitors soon after kidney transplantation has been shown to be associated with a higher
risk of allograft rejection [64]. For these reasons, mTOR inhibitor in replacement of CNI may not be
an interesting approach to reduce PTDM risk.

7. Magnesium Status and Cardiovascular Risk before and after Kidney Transplantation

PTDM-associated mortality is mainly related to cardiovascular events, which are today the main
causes of death in kidney transplant patients [65]. Hypomagnesemia has been shown to play a role in
the pathogenesis of arterial hypertension, endothelial dysfunction, dyslipidemia and inflammation,
with all these factors contributing to coronary heart disease (CHD).

In vitro, exposure of endothelial cells to low Mg concentrations reversibly inhibits endothelial
proliferation and was associated with an up-regulation of interleukin-1, Vascular Cell Adhesion
Molecule-1 and Plasminogen Activator Inhibitor-1 [66]. In vivo, hypomagnesemia is associated with
increased CRP levels, leukocyte and macrophage activation, NFKB/cytokines activation and platelet
aggregation. Furthermore, inbred mice with low intracellular Mg levels have significantly impaired
endothelial function together with decreased endothelial NO synthase expression [67].

The relationship between CHD and serum Mg concentrations was studied in a cohort of 13,922
middle-age adults. In this study, after adjustment, the relative risk of CHD across quartiles of serum Mg
was 1.00, 0.92, 0.48, and 0.44 (p for trend = 0.009) among women and 1.00, 1.32, 0.95, and 0.73 (p for trend
= 0.07) among men. Moreover, patients who developed CHD had a lower serum Mg concentration
than the controls, suggesting that low serum Mg was an independent risk factor for CHD [68].

In a Japanese cohort of 728 subjects, lower serum Mg was significantly and independently
associated with mean intima-media thickness (p = 0.004) and risk of ≥2 carotid plaques (p = 0.03) [69].
Hypomagnesemia was also reported to directly or indirectly affect vascular stiffness in the general
population [70]. In another study, Mg supplementation improved endothelial dysfunction in patients
with CHD [71]. In parallel, hypomagnesemia may play a role in the promotion and progression of
vascular calcification as underlined earlier. Indeed, Mg is known to prevent tissue calcification by
increasing natural inhibitors of calcification such as fetuin A, carboxylated matrix Gla protein (MGP),
osteopontin and the inorganic inhibitory compound pyrophosphate [72].

Few studies investigated the association between Mg levels and cardiovascular risk after kidney
transplantation. In a small crossover trial published in 1998, 15 renal transplant patients were
randomized in a 6-week treatment period with either placebo or Mg oxide (MgO) 2 g per os with
a 2-week washout interval, then 6-weeks of the alternative agent (placebo or MgO). There was
no reduction in systolic or diastolic blood pressure in either cholesterol or triglyceride level with
magnesium supplementation [73].

Finally, the association between serum Mg level and cardiovascular risk after kidney
transplantation has been poorly studied. A small crossover trial, including 15 kidney transplant
patients randomized in a 6-week treatment period with either the placebo or Mg oxide (MgO) 2 g
per os with a 2-week washout interval, then 6-weeks of the alternative agent (placebo or MgO),
was published 1998. No change in metabolic profile, including systolic or diastolic blood

93



Nutrients 2018, 10, 729

pressure control, or cholesterol or triglyceride levels was observed with Mg supplementation [73].
The relationship between hypomagnesemia and vascular stiffness was investigated in a study
published in 2011. An evaluation was conducted in 512 renal transplant recipients, by determination
of carotid-femoral pulse wave velocity. Serum Mg was an independent risk factor for arterial
stiffness, but this association was attenuated after adjustment on the use of sirolimus (p = 0.054).
After stratification according to the median age of 55 years and adjustment with covariates,
Mg remained an independent predictor of pulse wave velocity (p = 0.024) [74].

8. Conclusions

Despite relying on retrospective studies, a body of evidence links hypomagnesemia to PTDM and
cardiovascular risk in kidney transplant patients (Figure 2). Given the frequency of PTDM and its
relationship with cardiovascular risk, correcting hypomagnesemia soon after transplantation could
translate into a significant decrease in vascular disease, which today is the primary cause of death in
kidney transplant recipients. Thus, prospective studies to evaluate the impact of hypomagnesemia
correction after kidney transplantation, as well as the best ways of achieving correction are needed.

 

Figure 2. Deleterious effects of hypomagnesaemia after kidney transplantation. Several studies support
that posttransplant hypomagnesaemia increases cardiovascular (CV) risk by increasing the risk of
post-transplant diabetes mellitus (PTDM) development and by favoring accelerated atherosclerosis,
along with other more conventional risk factors. We suggest that hypomagnesaemia correction soon
after kidney transplantation may allow to decrease CV risk and result in less CV-related morbidity and
mortality in kidney transplant recipients.
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Abstract: Magnesium is well known for its diverse actions within the human body. From a
neurological standpoint, magnesium plays an essential role in nerve transmission and neuromuscular
conduction. It also functions in a protective role against excessive excitation that can lead to neuronal
cell death (excitotoxicity), and has been implicated in multiple neurological disorders. Due to these
important functions within the nervous system, magnesium is a mineral of intense interest for the
potential prevention and treatment of neurological disorders. Current literature is reviewed for
migraine, chronic pain, epilepsy, Alzheimer’s, Parkinson’s, and stroke, as well as the commonly
comorbid conditions of anxiety and depression. Previous reviews and meta-analyses are used to set
the scene for magnesium research across neurological conditions, while current research is reviewed
in greater detail to update the literature and demonstrate the progress (or lack thereof) in the field.
There is strong data to suggest a role for magnesium in migraine and depression, and emerging data
to suggest a protective effect of magnesium for chronic pain, anxiety, and stroke. More research is
needed on magnesium as an adjunct treatment in epilepsy, and to further clarify its role in Alzheimer’s
and Parkinson’s. Overall, the mechanistic attributes of magnesium in neurological diseases connote
the macromineral as a potential target for neurological disease prevention and treatment.

Keywords: magnesium; excitotoxicity; glutamate; migraine; chronic pain; epilepsy; Alzheimer’s;
Parkinson’s; stroke

1. Introduction

Magnesium is a very important macromineral in the diet with a multitude of roles in the human
body, including serving as a cofactor in more than 300 enzymatic reactions. Magnesium is essential
for regulation of muscle contraction (including that of the heart), blood pressure, insulin metabolism,
and is required for the synthesis of DNA, RNA, and proteins [1]. In the nervous system, magnesium
is important for optimal nerve transmission and neuromuscular coordination, as well as serving to
protect against excitotoxicity (excessive excitation leading to cell death) [1,2].

One of the main neurological functions of magnesium is due to magnesium’s interaction with the
N-methyl-D-aspartate (NMDA) receptor. Magnesium serves as a blockade to the calcium channel in
the NMDA receptor (Figure 1), and must be removed for glutamatergic excitatory signaling to occur [3].
Low magnesium levels may theoretically potentiate glutamatergic neurotransmission, leading to a
supportive environment for excitotoxicity, which can lead to oxidative stress and neuronal cell death [4].
Abnormal glutamatergic neurotransmission has been implicated in many neurological and psychiatric
disorders [5] including: migraine, chronic pain, epilepsy, Alzheimer’s, Parkinson’s, and stroke,
in addition to depression and anxiety, which are commonly comorbid with these neurological disorders.
Molecular studies [6] and animal studies [7] have shown neuronal protection from pre-treatment with
magnesium, making this mineral of intense interest for its potential neuroprotective role in humans.
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Thus, magnesium could be an important dietary factor in the prevention and/or treatment of the
above conditions.

Figure 1. Glutamatergic N-methyl-D-aspartate receptor with magnesium block of calcium channel.
Reprinted from [8] with permission from Elsevier.

It has been estimated that approximately half of the US population is consuming inadequate
amounts of magnesium [9]. Due to the wide-ranging functions of magnesium, inadequate intake could
predispose individuals to multiple health issues, including those related to neurological conditions.
This review aims to summarize the recent human literature on what is known about magnesium and
the following neurological disorders: migraine, chronic pain, epilepsy, Alzheimer’s, Parkinson’s,
and stroke, as well as anxiety and depression. Recommendations will also be made for future
research directions.

2. Materials and Methods

A search was completed using PubMed, MEDLINE, PsychINFO, and Wiley-Blackwell Cochrane
Library. Abstracts were pulled for all available literature and were then reviewed by all three authors
and a consensus decision was made about which papers met inclusion criteria. Studies of adult human
populations from any year were included if they were written in English. Papers were reviewed for
every article that met the review criteria, including magnesium levels (e.g., blood serum, cerebrospinal
fluid, etc.) or magnesium treatment in human populations with migraine, chronic pain, anxiety,
depression, epilepsy, Alzheimer’s disease, Parkinson’s disease, and stroke. Search strings included
the neurological or commonly comorbid disorder AND “magnesium”, “intravenous magnesium”,
“oral magnesium”, or “magnesium treatment”. Reviews and meta-analyses were used to gain an
understanding of where the current literature stands in magnesium research across neurological
disorders. The most recent reviews and meta-analyses are discussed in order to reduce duplication
and provide a wide scope of the literature previously reviewed. New studies are described in detail
to provide an update on the literature. If there was not a review or meta-analysis, like in the case of
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Parkinson’s disease, available research was compiled and reviewed. Figure 2 summarizes the search
strategy and demonstrates the disparity in the number of magnesium research studies ranging from
the most studied (i.e., migraine) to the least studied (i.e., Parkinson’s disease).

Figure 2. Flow chart of magnesium in neurological disorders literature. New papers refer to published
research not included in previously-published reviews and meta-analyses. AD = Alzheimer’s Disease;
PD = Parkinson’s Disease.

3. Results

3.1. Migraine

Migraine is the most common neurological disorder in the United Sates with a prevalence
rate of 16.2% [10]. It is classified by recurrent moderate to severe headaches with or without aura,
often lasting between 4 and 27 h with many associated symptoms, including nausea, vomiting,
and sensitivity to various environmental stimuli [11,12]. Although the exact mechanisms are not
yet fully understood, alterations in the excitability of the central nervous system, spontaneous
neuronal depolarization, and abnormal mitochondria functioning have been connected to migraines.
Since glutamate is the most abundant excitatory neurotransmitter, it is often linked to etiological,
prevention, and treatment discussions concerning migraines [13]. Magnesium has been a proposed
treatment option for migraines due to its blockade of the glutamatergic N-methyl-D-aspartate (NMDA)
receptor, a receptor known to be an active contributor to pain transmission and cortical spreading
depression [14]. Magnesium is also known to be a key metabolic factor in mitochondrial functioning
and lowers membrane permeability reducing the possibility of spontaneous neuronal depression
due to hyperexcitability [15]. Past research has shown that significantly lower levels of magnesium
have been reported in serum, saliva, and cerebrospinal fluid of individuals with migraines during,
and between, migraine attacks [12,16–18], along with evidence suggesting lower brain concentrations
of magnesium based on MR spectroscopy [18].

Oral and intravenous magnesium administration has been proposed as a treatment option for
migraines since the late 1980s and the results have been analyzed by several meta-analyses and reviews
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over the past three decades. In 2014, Choi and Parmer completed a meta-analysis using odds ratio
(OR) on 5 randomized controlled trials published between 2000 and 2005 [19–23] and did not find
strong evidence for magnesium as an effective treatment. It was concluded that i.v. magnesium
resulted in a 7% lower relief rate 30 min post administration than the control groups (OR = −0.07),
37% greater side effect response rate (OR = 0.37), and no significant difference between the use of
i.v. magnesium, placebo, or other migraine medications tested. However, 1 study included in the
meta-analysis showed differences between migraines with and without aura; i.v. magnesium was
significantly more effective at migraine relief in individuals with aura than placebo at 60 min post
administration (p < 0.05) [24]. A more recent meta-analysis by Chiu et al. in 2016, reviewed a larger
sample of randomized clinical trials with 11 studies investigating the effects of intravenous magnesium
on acute migraines [19–21,25–30] and 10 studies investigating the effects of oral magnesium on
migraine prophylaxis [16,31–39]. Using odds ratios, it was concluded that i.v. magnesium treatment
for acute migraines resulted in significant relief across 15–45 min (OR = 0.23), 120 min (OR = 0.20),
and 24 h (OR = 0.27) post magnesium administration. Similarly, oral magnesium treatment resulted in
significantly reduced frequency of migraine attacks (OR = 0.20) and intensity of the attacks (OR = 0.27).
Overall, this meta-analysis presents evidence for the usefulness of magnesium in both i.v. or oral forms
on the treatment of migraines [40]. It also expands on the previous meta-analysis since it included
randomized clinical trials published in English and Chinese investigating i.v. magnesium or oral
magnesium treatment. This broadened the scope, sample size, and external validity of their work.

One quasi-experimental study has been published since the most current review comparing 2 g of
i.v. magnesium sulfate compared to 60 mg of caffeine citrate on individuals presenting with a migraine
at two hospitals. While both groups displayed improved pain scores over 1 hour, the magnesium group
had significantly greater improvement when compared to the group receiving caffeine (p < 0.001) [41].

The beneficial use of magnesium in the prevention of migraine and the quality of life improvement
has a Grade C evidence classification, meaning it is possibly an effective treatment based on current
data. This classification is based on finding a reduction in migraine days between 22–43% across
five clinical trials reviewed from 1990–2016. It is suggested that 600 mg of magnesium daily may be a
safe and cost effective component of migraine care [42]. While Grade C evidence is not ideal, evidence
of the effectiveness for the prevention and treatment of migraines using oral or i.v. magnesium
may very well become stronger over time with the publication of more intervention and prospective
cohort studies. Overall, while recent evidence does point towards i.v. and oral magnesium as
potentially effective treatment options, randomized controlled clinical trials with larger sample sizes
and standardized experimental designs need to be conducted in order to have more confidence in the
efficacy of magnesium treatment for migraines, and to better understand how magnesium compares
to current pharmaceuticals used in the prevention and treatment of migraines.

3.2. Chronic Pain

Pain is a universal sensation that can be presented in several different forms, ranging from acute to
chronic. Chronic pain is broadly defined as persistent pain lasting at least three months often spurred
on by central pain amplification, although the exact mechanism of pain can vary (e.g., nociceptive,
neuropathic, central, etc.) or is sometimes unidentified [43]. It is estimated that chronic regional pain
may be present in 20–25% of the population and chronic widespread pain may be present in 10% of
the population [44]. As discussed earlier, magnesium blocks the NMDA receptor channels limiting
the influx of calcium. Therefore, moderate doses of magnesium may be able to reduce the risk of
excitotoxicity [45]. It is proposed that the pain relieving effects of magnesium may be dependent on the
blockade of NMDA receptors in the spinal cord [46]. Magnesium is thought to produce antinociceptive
and analgesic effects in patients with chronic pain and has been studied as a treatment target for
chronic pain in several forms [45].

Research exploring the analgesic use of magnesium in chronic pain disorders is limited by the type
and severity of chronic pain evaluated. A review on the use of magnesium as an alternative treatment
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for chronic pain was recently published [47]. Chronic pain was defined as pain lasting more than three
months in any body part, including chronic complex regional pain syndrome, chronic low back pain,
fibromyalgia, neuropathy, or pain of vascular origin. Two double-blind randomized clinical trials on
complex regional pain syndrome (CRPS) [48,49] and 1 double-blind randomized clinical trial on chronic
low back pain [50] were reviewed. The studies used intravenous, intradermal, and oral magnesium
administration compared to placebo. The 2 CRPS randomized clinical trials had conflicting results;
Fischer et al. reported no differences in CRPS pain between patients who received i.v. magnesium and
those who received a placebo using several outcome measures [48]. However, van de Plas reported
significant differences between intramuscular magnesium administration and a placebo on the numeric
rating scale (NRS) pain assessment scores, but not on the McGill Pain Questionnaire [49]. Both studies
reported more adverse effects in the groups receiving magnesium than placebo. Yousef and Al-deeb
investigated the use of i.v. magnesium followed by oral magnesium compared to a placebo on chronic
lower back pain over six months using NRS pain assessment scores. Beginning at two weeks, and
continuing throughout the six months of follow up, the group receiving magnesium treatment had
significantly improved scores from baseline measurements. Furthermore, the magnesium group had
significantly lower pain scores than the placebo group at six months [50]. Based on the review of these
studies, magnesium may be a viable treatment option for some types of chronic pain. A protocol was
published in 2015 describing a clinical trial that is currently investigating the effects of oral magnesium
administration in patients with peripheral arterial occlusive disease [51]. This trial will add much
needed evidence on the potential validity of using oral magnesium as a treatment for chronic pain.

Fibromyalgia was initially considered a rheumatic disorder, but is now known to be a neurological
condition, with intense widespread pain and tenderness coupled with other unpleasant symptoms,
such as severe fatigue, cognitive dysfunction, memory loss, headache, and sleep problems [52,53].
As with other chronic widespread pain conditions, it is thought that pain neurotransmission occurs
through glutamate’s action on the NMDA receptor [54]; thus, magnesium is likely to play a protective
role. It has also been proposed that fibromyalgia may be a result of insufficient levels of substances
necessary for ATP synthesis, such as oxygen, magnesium, ADP, and inorganic phosphate. Magnesium
is a key component within this process as it is needed for both aerobic and anaerobic glycolysis. It also
aids in maintaining low cytosolic calcium in order to limit the inhibition of ATP synthesis within the
mitochondria, ultimately reducing the chances of cell death caused by mitochondrial calcification [55].
Due to the overlap in symptomatology and the mechanistic actions of magnesium, researchers have
studied magnesium levels in individuals with fibromyalgia, resulting in conflicting findings between
modes of magnesium detection. Erythrocyte [56–59] and intracellular muscle magnesium levels [60] are
decreased in fibromyalgia patients while there has been evidence that plasma and serum levels remain
in normal ranges [57–59,61]. However, other studies have shown significantly decreased magnesium
serum levels in fibromyalgia patients, as compared to controls [53,62,63]. Based on these findings,
a recent study examined the effects of 300 mg magnesium citrate and 10 mg of amitriptyline, alone and
in combination, in 60 women with fibromyalgia and 20 age- and sex-matched controls over eight
weeks. Both erythrocyte and serum magnesium levels were significantly lower in the fibromyalgia
group. Furthermore, the group receiving the combination of magnesium and amitriptyline reported
significantly decreased pain across various pain and tenderness index scores, while magnesium alone
resulted in an improvement in the number of tender points and the intensity of fibromyalgia pain [53].
Another study reported improved scores on the Fibromyalgia Impact Questionnaire-Revised (FIQR)
after 8 weeks of transdermal magnesium chloride solution use [64].

It is too early to conclude whether or not magnesium is a viable treatment option for general
or specific forms of chronic pain. However, the preliminary data concerning varying levels of
systemic magnesium and supplementation of magnesium orally, transdermally, and intravenously for
fibromyalgia and other forms of chronic pain, suggest the potential for magnesium to be an important
player in the treatment and prevention of chronic pain.
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3.3. Anxiety and Depression

Anxiety and depression are both common comorbid conditions with neurological illness [65]
especially with chronic pain conditions [66], including migraine [67]. Anxiety and depression
are also similarly mediated by altered glutamatergic neurotransmission, which may account
for this comorbidity [68,69]. Since magnesium has the ability to modulate glutamatergic
neurotransmission through its action at the N-methyl-D-asparate (NMDA) receptor [70], it may be
possible for hypomagnesaemia to contribute to both the neurological symptoms, as well as the
psychiatric symptoms.

With a lifetime prevalence rate of 15% in the general population, anxiety is considered the most
pervasive psychiatric affective disorder [71]. Magnesium is involved in several physiological processes
in the psychoneuroendrocrine system and modulates the hypothalamic pituitary adrenal (HPA) axis,
along with blocking the calcium influx of NMDA glutamatergic receptors, all of which help prevent
feelings of stress and anxiety [72]. While the data on serum and cerebrospinal fluid levels of magnesium
are limited, these concentrations have been shown to be modified by exposing individuals to various
types of stress, resulting in a reduction in serum magnesium due to excretion by the kidneys [73],
and increasing serum levels when magnesium is administered resulting in anxiolytic-like effects [74].
Dietary intake of magnesium was also found to have a slight inverse relationship with subjective
anxiety scores in a large community-based sample [75]. However, one study found no difference
between the serum magnesium concentrations in patients with Generalized Anxiety Disorders when
compared to controls [76].

In 2017, Boyle and Dye published a review on the available studies investigating the effects
of magnesium, alone or in combination, on the experience of subjective anxiety or stress (i.e., mild
anxiety, premenstrual syndrome, postpartum status, and hypertension) in adult populations [72].
Eight studies were reviewed which focused on the treatment of mild anxiety with magnesium
alone [77], magnesium in combination with vitamin B6 [78–81], magnesium with fermented cow’s drink
with protein hydrolysate [82], or magnesium in combination with Hawthorn extract and California
poppy [83]. Modest evidence of the beneficial use of various forms of magnesium for treatment of
mild to moderate anxiety was found. However, limitations were present including the occurrence of
significant placebo effects and the inability to know the exact effects of magnesium when studying
multiple combined compounds. Of the 7 studies which were reviewed for anxiety associated with PMS,
5 investigated the effects of oral or i.v. magnesium administration alone [84–87] and 2 investigated
the effects of magnesium in combination with vitamin B6 [88,89]. Despite methodological and sample
selection issues presented by Boyle and Dye, the authors concluded that there is a potential positive
effect of magnesium alone, and even more so in combination with vitamin B6 on PMS. One study was
reviewed for the effects of 64.4 mg of oral magnesium on anxiety related to postpartum depression with
no significant effects reported [90]. Overall, the summarized findings allow for marginal support of
magnesium as a treatment for mild anxiety and anxiety with PMS, with several of the studies reviewed
reporting positive outcomes when administering magnesium as the sole or adjunct treatment.

An earlier review by Lakhan and Vieira in 2010 had a similar conclusion: magnesium
administration may have a positive impact on the treatment of multiple anxiety disorders. The authors
also note that many studies and clinical trials conducted do not look at the effects of magnesium alone,
a comment that holds true today [91]. To our knowledge, no new magnesium studies examining
the effects of magnesium on anxiety disorders have been published since the 2017 review. There is
currently a strong need for methodologically sound clinical trials exploring this treatment option, as it
could improve the lives of those with anxiety disorders while eliminating the negative side effects
from current medications to treat anxiety.

Depression is a psychiatric disorder that affects hundreds of millions of people around the
world, with major depressive disorder (MDD) accounting for 40% of the neuropsychiatric disorders
in the United States [92]. Depression is linked to poor quality of life with severe impairments and,
as mentioned earlier, often presents with other comorbid disorders. While there are some beneficial
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biomedical and clinical therapies for depression, dietary magnesium intake could be an important
adjunct treatment [93,94].

Restoring the balance of magnesium within patients with depression has been proposed to have
anti-depressive effects by protecting brain structures associated with depression by reducing the
cascade of cell death caused by excitotoxicity [95–97]. Magnesium may also impact depressive
symptoms by interacting with the HPA system, as discussed with anxiety disorders [97,98].
As seen in several other neurological disorders, lower magnesium levels have been associated
with depression. One recent study reported a negative correlation between dietary intake of
magnesium and depression [93]. Studies have also observed lower cerebrospinal fluid (CSF) and
serum magnesium levels in individuals diagnosed with depression as compared to controls [94] along
with moderately lower levels of erythrocyte magnesium levels in patients with major depression [99].
Moreover, plasma levels of magnesium were observed to be significantly lower among those with
depression, as compared to healthy controls, while also being correlated with treatment response
success [100] and the severity of depressive symptoms [101,102]. However, another study reported
no differences in CSF, blood, and serum magnesium levels between groups [103]. This latter finding
could have been due to inaccurate assessment technique, since 99% of magnesium within the human
body is located intracellularly [103].

There is neurobiological evidence to support magnesium supplementation as a treatment for
depression, however, the results from the limited number of randomized controlled trials (RCTs) is
not clear cut. In 2016, Rechenberg reviewed RCTs examining the use of magnesium in depressed
populations. However, only three studies, with limited insight into the potential use of magnesium
as a treatment, are discussed due to the lack of literature on the subject [94]. Bhudi and colleagues
compared the use of magnesium to a placebo over three months as a neuroprotective agent for
patients undergoing cardiac surgery. Depressive symptoms were reported at baseline and three
months postsurgery as one of the outcomes measured. While depressive symptoms decreased,
no significant differences were noted between the magnesium and placebo groups [104]. An RCT was
conducted in 2007 to study the utility of oral magnesium as a treatment for newly-depressed elderly
individuals with type 2 diabetes. After establishing the presence of hypomagnesemia, individuals were
randomized to either the magnesium or imipramine treatment group for twelve weeks of treatment
administration. At follow-up, there was no significant difference between the magnesium treatment
group or the imipramine treatment group, with similar improvements in both arms of the clinical trial.
Thus, magnesium performed as well as imipramine, an anti-depressant drug [101]. Lastly, Walker et al.
showed no significant differences in reported depressive symptoms when administering 200 mg of
magnesium or placebo daily, for two menstrual cycles, in a double-blind placebo-controlled crossover
study, among individuals who typically report monthly depressive symptoms with PMS [85].

A meta-analysis of 11 studies was recently published examining the relationship between
dietary magnesium intake and the risk of depression. Using pooled measurements of relative
risk (RR) and a dose-response analysis, the authors concluded that over half of the reviewed
studies supported significant effects of dietary magnesium intake in relation to a decreased risk
of depression (pooled RR = 0.81) with a distinct nonlinear relationship (p = 0.0038) between the two
factors. Furthermore, the largest risk reduction was observed with 320 mg/day of magnesium [93].
This meta-analysis adds more evidence to the theory that magnesium supplementation, either through
dietary intake or other routes of administration, should be continued to be researched as a potential
target for the treatment of depression.

Three newly-published studies were found since the review by Rechenberg [94] and the
meta-analysis by Li et al. [93]. One clinical trial studied the use of intravenous magnesium combined
with dextrose in adults with treatment-resistant depression as compared to dextrose alone in a crossover
study. The authors observed significant differences in serum magnesium levels measured at two time
points: baseline compared to day 8 (the last day of administration) and day 2 compared to day 8.
However, depression rating scale results were not as substantial as the only difference seen was a
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reduction on the Patient Health Questionnaire-9 from baseline to day 7 [105]. This study was limited
by its short duration of treatment. Tarleton and colleagues performed an open-label randomized
trial with 126 adults comparing 248 mg of magnesium to a placebo over six weeks, resulting in the
significant improvement of depression scores within the magnesium group. In fact, improvement
was noted within the first two weeks of treatment [106]. Lastly, a study of 60 patients with depression
and lab-confirmed hypomagnesaemia were randomized to receive either 250 mg of magnesium or a
placebo for eight weeks. Using the Beck Depression Inventory-II as an outcome measure, magnesium
levels and Beck scores significantly improved in the magnesium group, as compared to the placebo
group [107]. It is important to note that the amount of magnesium supplemented in these latter studies
was less than the recommended dietary allowance (RDA) for adults of 310–420 mg/day.

Unfortunately, the current research implementing magnesium as a treatment option for depression
has not shown consistently significant results, although this does not mean it is not an effective
treatment option [103,108]. There is a need for more well-designed randomized clinical trials and
prospective studies of longer duration with adequately powered sample sizes to fully understand the
effects of magnesium on depression.

3.4. Epilepsy

Epilepsy is a disease classified by seizure occurrence that is believed to affect 50 million people
worldwide [109–111]. The widespread and debilitating effects of this disorder have resulted in
the investigation of treatments that fall outside the classic treatment with anti-epileptic drugs
(AEDs), especially when research suggests that new AEDs are no better at significantly reducing
seizures or improving prognosis than older AEDs [112–114]. The search for alternative treatment
possibilities has directed some attention towards magnesium. Magnesium is an essential element
involved in many bodily processes and, as mentioned earlier, has been found to be deficient in the
modern Western diet [114–116]. Moreover, seizure activity has been strongly linked to excessive
glutamatergic neurotransmission, thus, magnesium could potentially modulate the excitotoxicity
connected to epilepsy [117]. Extracellular magnesium has been reported to reduce spontaneous spikes
in seizure activity via the NMDA receptor, while also decreasing the hyperexcitability of the neuronal
surface [114,118,119]. In fact, it is well known that hypomagnesaemia, itself, can cause seizure activity
with more severe deficiency [120].

Two recent reviews [114,121] have examined the literature on magnesium and epilepsy.
Both reviews stress the lack of large-scale, randomized controlled trials that are essential to gaining
insight into the potential role of magnesium as a treatment for epilepsy, in general, as well as more
specifically, refractory epilepsy. Refractory epilepsy is of particular interest due to its lack of response
to AEDs, usually resulting in the seizures and other symptoms going untreated.

In humans, magnesium deficiency has been found to result in seizures, as well as lower levels
of magnesium being observed in epileptic patients when compared to healthy controls [114,121–128].
A recent meta-analysis that included 60 studies (40 on epilepsy and 25 on febrile seizures) found
that magnesium levels were not significantly different in patients with epilepsy versus controls,
or in patients with febrile seizures versus controls. Yet, that same study found that hair magnesium
concentrations were significantly lower in both non-treated and treated epilepsy patients versus
controls [129]. Another study reported lower magnesium levels in more severe cases of epilepsy and
status epilepticus as compared to moderate and mild cases [124]. The relationship between disease
severity and magnesium concentration is not an area that has been explored at length and could result
in valuable information if more work focused on this potential association.

In regards to magnesium as a treatment, magnesium supplementation has been found to be
beneficial for hypomagnesaemia, a known risk factor for seizures in both infants and adults [130,131].
Other conditions associated with symptomatic seizures, such as pre-eclampsia and eclampsia,
have demonstrated an improvement as a result of magnesium supplementation, as well [132–134].
Additionally, studies that have examined subjects with a TRPM6 gene mutation [135–137], juvenile
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onset Alpers syndrome [138], and a case of refractory status epilepticus in a subject with a
normal MRI, have also reported therapeutic benefit from the administration of magnesium
supplementation [114,121,139].

Despite the supporting evidence from these research studies, only one randomized controlled
trial has been conducted on magnesium treatment for epilepsy, which focused on infantile spasms.
The study found that intravenous administration of adrenocorticotropic hormone (ACTH) with
magnesium supplementation for a three week period resulted in a significant reduction in seizures
compared to receiving ACTH on its own. At eight weeks post administration, the group that received
the magnesium supplementation had a 79% seizure-free rate compared to only a 53% seizure-free rate
of the ACTH only group [140]. While this study offers promising results, there have been no other
randomized controlled studies completed since the last review in 2015. A recent study investigated the
interictal total serum magnesium concentrations along with serum ionized magnesium concentrations
in 104 drug-resistant epileptic individuals. Data was collected at baseline and 14 years later, with results
demonstrating that 60.6% (OR = 29.19) of the sample had low interictal ionized magnesium and total
serum magnesium ratio [141].

More randomized controlled trials are needed to better understand the potential of magnesium
as a treatment option for epilepsy. Such trials, with more accurate measuring of magnesium levels,
would provide greater and more specific insight into the potential role of magnesium as a treatment
(or adjunct treatment) for various types of epilepsy.

3.5. Parkinson’s Disease

Parkinson’s disease (PD) is a neurological disorder with symptoms such as loss of balance, muscle
tension, slowed body movements, resting limb tremors, and cognitive impairment [142] caused by a
selective loss of dopamine in the basal ganglia. Other factors that impact PD include mitochondrial
dysfunction, oxidative stress, and protein dysfunction [143]. It has been suggested that excitotoxicity
caused by excessive glutamatergic neurotransmission may mediate the dopaminergic cell loss seen in
Parkinson’s disease, making modulators of excitotoxicity an area of growing research interest [144].
Human research that investigates the potential role of magnesium in PD is scarce [145]. To our
knowledge, no in-depth review articles focusing on magnesium and PD in humans exist. The most
recently-published study was a multicenter hospital-based case-control study in Japan that examined
dietary intake of metals in patients who were found to be within six years of onset for PD. The results
of the study found that higher magnesium concentrations were associated with a reduced risk of
PD [146].

Research examining magnesium levels in PD patients have yielded mixed results. Older research
from the 1960s reported no differences in serum magnesium levels in PD patients compared to
controls [147]; however, this research was likely limited by the types of magnesium testing available
at that time. A more recent study found similar results, with no significant differences noted in
hair magnesium levels between those with and without PD. Furthermore, no association between
magnesium levels and disease duration or severity was observed [142]. In contrast, a study examining
cerebrospinal fluid (CSF), blood, serum, urine, and hair magnesium levels of 18 controls and 91
PD patients found that CSF magnesium levels were inversely associated with disease duration and
severity. The same study also concluded that PD patients with less than a year of the disease had higher
magnesium levels than PD patients with more than eight years of the disease [148]. Finally, older
studies comparing magnesium levels in brain areas of PD patients versus controls found that PD
patients had lower magnesium levels in the cortex, white matter, basal ganglia, caudate nucleus, and
brain stem as compared to controls [149,150]. It is essential to note that these studies utilized different
methods to measure magnesium concentrations, which could be a factor in the contradictory results.
Future research examining the role of magnesium in PD should include measurements of magnesium
concentrations in the cerebral spinal fluid (CSF) (as a measure of magnesium in the central nervous
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system), rather than solely in the periphery. This measurement technique may be of use in other
neurological disorders as well.

In short, human research of magnesium concentrations in PD is severely lacking, despite growing
evidence implicating magnesium in animal studies. There is a need for more studies in PD patients
focusing on magnesium concentrations in order to get a better consensus on the relationship between
magnesium and PD. These few studies have provided a small window of insight into the possible role
of magnesium as a treatment for PD; however, many more studies are needed before any conclusions
can be drawn.

3.6. Alzheimer’s Disease

Alzheimer’s disease (AD) is a degenerative neurological disorder that is characterized by
synaptic loss and cognitive impairments that include deterioration in learning and memory [1].
AD presents with accumulations of beta-amyloid and tau tangles, along with inflammation and
atrophy [151]. Excitotoxicity, neuroinflammation, and mitochondrial dysfunction have all been
implicated in Alzheimer’s disease [152], thus, hypomagnesaemia could further impair neuronal
function. Factors related to lower magnesium availability, such as malnutrition and poor nutrient
intake, are also present in AD patients [153,154], making magnesium deficiency more likely. Research
suggests that ionized magnesium [155], cerebral spinal fluid (CSF) magnesium, hair magnesium,
plasma magnesium, and red blood cell magnesium concentrations are significantly reduced in AD
patients compared to healthy and medical controls [154]. Additionally, postmortem brain examinations
of AD brains have found decreased magnesium levels compared to healthy controls [154,156,157].
Magnesium depletion has been found in the hippocampus in patients with AD, providing more
evidence that magnesium may be a target of treatment [156].

A systematic review analyzed 13 cross-sectional studies that included AD patients and healthy
controls and/or medical controls [154]. The results demonstrated that AD patients had significantly
lower magnesium concentrations in CSF [158,159] and in hair samples [160,161], but no such differences
were found in serum [161–164], plasma [158,165,166], or ionized/ blood cell magnesium levels [165]
compared to controls. Compared to medical controls, AD patients had reduced plasma [167] and
ionized blood cell magnesium concentrations [168], but no differences in serum [155,169], or CSF
concentrations [168]. Meanwhile, other research has found no differences between hair and serum
magnesium levels in patients with AD compared to controls [170]. Hence, current research has found
contradictory results on magnesium concentration levels and, thus, requires further investigation
and standardized ways to measure magnesium levels. One specific study worth noting reported
that ionized magnesium levels were significantly associated with cognitive function, but not with
physical function, when comparing AD patients to age-matched controls [155]. Similar to Parkinson’s
disease, future AD research should include a greater focus on CNS magnesium concentrations from
CSF measurements, as well as using magnetic resonance spectroscopy. The above findings suggest
that AD patients may be commonly deficient in magnesium.

While previous reviews have demonstrated a link between magnesium deficiency and AD in
humans, there is a distinct lack of research that looks at magnesium as a treatment for AD in humans.
Research to date has focused mainly on dementia, as opposed to AD specifically, and has had mixed
findings. One study observed low magnesium levels in patients with mild cognitive impairment
and AD patients as compared to controls [171]. Yet, another study found that both low and high
magnesium concentration levels were associated with a greater risk of all-cause dementia [172]. This is
the only study that provides evidence for both high and low magnesium levels being related to the risk
of dementia development. As the study insists, the replication of findings from large population-based
research is essential for a better understanding of these findings. For dementia, focusing on magnesium
treatment through diet has been shown to improve memory [173]. The PATH through Life Project
found that higher magnesium intake was related to a reduced risk of developing mild cognitive
impairment and mild cognitive disorders [173]. Similarly, one study in Japan found that the greater
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the magnesium intake, the lower the rates of all-cause dementia and vascular dementia. However, the
same relationship was absent for AD patients [174]. It is important to remember that dementia has
multiple causes, including that stemming from vascular origin. Magnesium is unique for its ability
to affect vascular function in addition to neuronal function [1]. Thus, magnesium may be affecting
cognitive function in multiple distinct ways. Future clinical trial research is needed in this area to
add to the literature in examining whether magnesium should be an adjunct treatment option in AD
and/or in other types of dementia.

3.7. Stroke

Stroke is a cerebrovascular accident that presents itself with symptoms such as slurred speech,
paralysis/numbness, and difficulty walking. Stroke can be broken down into two types, ischemic
(where blood flow is impeded, usually by a clot) and hemorrhagic (where a blood vessel ruptures,
causing impaired blood flow in the brain) [175]. The induced hypoxia causes excitotoxicity and
resultant cell death [176]. Magnesium’s dual role in its ability to affect vascular function [177], as well as
its ability to protect against excitotoxicity mediated by NMDA receptors [176], has made it an element
of interest within the stroke research community. Studies examining risk of stroke and magnesium
levels have yielded mixed results. Research has found no relationship between serum ionized
magnesium levels and stroke risk, when based on ischemic stroke cases over a 16 years follow-up [178].
Similarly, another study reported that plasma magnesium levels were not associated with the risk
of ischemic stroke in women, yet those with low ionized magnesium levels (<0.82 mmol/L) had a
57% higher risk of ischemic stroke, after controlling for potential confounds [179]. Yet, more recent
studies have found that higher serum magnesium concentrations at the time of hospital admission
were independently related to lower hematoma volume and lower intracerebral hemorrhage scores in
patients with acute spontaneous intracerebral hemorrhage [180]. In a more general study of adults in
the United States, very low serum magnesium concentrations were significantly related to increased
risk of stroke mortality [181]. While magnesium levels and stroke risk have resulted in contradictory
results, there is a clear suggestion of magnesium being protective against stroke.

Most of the research conducted on the association between risk of stroke and magnesium can be
found in American, European, and Asian prospective cohort studies [182,183]. A recent publication on
stroke reviewed multiple meta-analyses and reported a dose-dependent protective effect of magnesium
against stroke [182]. Most of the meta-analyses reviewed found that each 100 mg/day increment of
dietary magnesium intake provided between 2% and 13% protection against total stroke [183–186].
A recently updated meta-analysis by Fang et al. included 40 prospective cohort studies and found 22%
protection against the risk of stroke when comparing people with the highest to the lowest categories
of dietary magnesium intake [183]. These meta-analyses are noted in the review paper as exhibiting
high homogeneity, low publication bias, and were careful to adjust for potential confounds [182].
Hence, these studies are highly reliable and support the notion of an inverse-dose dependent
relationship between dietary magnesium intake and risk for total stroke. These meta-analyses suggest
that increased magnesium intake, as well as higher levels of serum magnesium, appear to be beneficial
in reducing total stroke risk.

It is important to note that there are many types of stroke, and that not all stroke subtypes
have demonstrated a universal relationship with magnesium. For example, one meta-analysis [184]
included 7 prospective studies and found that magnesium intake levels were inversely related
to the risk of ischemic stroke [178,187–189]; however, this inverse relationship was absent for
intracerebral hemorrhage or subarachnoid hemorrhage [184,187,188]. A later study investigating
whether magnesium could reduce the risk of delayed cerebral ischemia in patients with aneurysmal
subarachnoid hemorrhage, also found that magnesium was not beneficial and did not reduce
the risk [190]. Such evidence suggests the possibility that different types of stroke have different
relationships to magnesium, an important distinction to be made for understanding magnesium’s role
in the risk of stroke development.
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Investigations on magnesium levels in stroke patients have suggested an association between
low magnesium levels and poor outcomes post-stroke. A recent study confirms this notion, providing
evidence that low serum magnesium levels at the time of hospital admission were independently
related to in-hospital mortality of patients with acute ischemic stroke [191]. An earlier study reported
that decreased CSF magnesium levels were observed in ischemic stroke patients compared to controls,
and that a positive association existed between low CSF magnesium levels and mortality after
7 days [192]. In addition to ischemic stroke, an observational cohort study involving patients presenting
with intracerebral hemorrhage found that three month post-observation, poor functional outcomes
were associated with low magnesium levels at the time of hospital admission, even after adjusting
for age and measures of disease severity. Furthermore, initial and final hematoma volumes, as well
as hematoma growth, were all independently and inversely correlated with low admission serum
magnesium levels [193]. It is important to address the major issue when studying hypomagnesemia in
stroke patients, which is that the levels are measured post diagnosis, so a causal relationship cannot
be assumed and consequently there is the possibility that the lower magnesium levels are a result of
stroke and not a cause of stroke [182].

Despite what appears to be a protective effect of magnesium levels on stroke, magnesium as
a treatment for stroke has yielded less clear results. A trial investigating acute stroke has found
that intravenous magnesium administration within 12 h of stroke onset does not improve death or
disability outcomes [194]. Similarly, a meta-analysis also reported no beneficial effect of magnesium
on delayed cerebral ischemia when started early after an aneurysmal subarachnoid hemorrhage based
on 5 trials [195–200].

Some studies have found magnesium sulfate to be beneficial for managing post-stroke
outcomes [201,202]. A meta-analysis by Chen and Carter [203] investigated 8 controlled clinical trials,
4 of which provided evidence that magnesium sulfate reduces the risk of poor outcomes 3–6 months
after aneurysmal subarachnoid hemorrhage when compared to controls [198,199,201,204]. The other
studies reported that magnesium sulfate was not beneficial for treating aneurysmal subarachnoid
hemorrhage [199,205,206]. The overall findings of the meta-analysis suggested that magnesium sulfate
may be able to decrease the risk of poor functional outcome in subarachnoid hemorrhage.

In terms of overall stroke, Panahi et al. reviewed studies that demonstrate how magnesium sulfate
has been found to improve scores on different measurement indices [196,201,207], neuroprotective
properties [208,209], hospital stay length [207,210], and recovery outcomes [206,207]. An additional
compound that has been studied as a potential treatment for stroke is an enriched salt that is made up
of a combination of magnesium and potassium. In a double-blind randomized controlled trial study,
the compound was found to improve neurologic deficits following a stroke when administered for a
six month period [211].

In summary, there is research to suggest the use of magnesium to improve outcomes post-stroke.
More research is needed to understand the potential protective role of maintaining adequate
magnesium levels in the prevention of stroke occurrence.

4. Conclusions

In conclusion, the amount of quality data on the association of magnesium with various
neurological disorders differs greatly. There is strong data for the role of magnesium in migraine
and depression. There is also good potential for magnesium to be having an effect in chronic pain
conditions, as well as commonly comorbid psychiatric disorders, such as anxiety and depression.
Much more research is needed in regards to magnesium’s effects on epilepsy, including clinical trials
evaluating the use of magnesium as an adjunct treatment. Neurological disorders, like Parkinson’s and
Alzheimer’s, would benefit greatly from additional research that include measures of CNS magnesium
levels (via CSF measurements and MRS). Finally, there is some research to suggest a positive effect of
magnesium for improving post-stroke outcomes, and as an important dietary strategy for potentially
preventing stroke, though more prospective studies are needed in this regard.
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Abstract: Intestinal magnesium (Mg) uptake is essential for systemic Mg homeostasis. Colon cells
express the two highly homologous transient receptor potential melastatin type (TRPM) 6 and 7 Mg2+

channels, but their precise function and the consequences of their mutual interaction are not clear.
To explore the functional role of TRPM6 and TRPM7 in the colon, we used human colon cell lines that
innately express both channels and analyzed the functional consequences of genetic knocking-down,
by RNA interference, or pharmacological inhibition, by NS8593, of either channel. TRPM7 silencing
caused an increase in Mg2+ influx, and correspondingly enhanced cell proliferation and migration,
while downregulation of TRPM6 did not affect significantly either Mg2+ influx or cell proliferation.
Exposure to the specific TRPM6/7 inhibitor NS8593 reduced Mg2+ influx, and consequently cell
proliferation and migration, but Mg supplementation rescued the inhibition. We propose a model
whereby in colon cells the functional Mg2+ channel at the plasma membrane may consist of both
TRPM7 homomers and TRPM6/7 heteromers. A different expression ratio between the two proteins
may result in different functional properties. Altogether, our findings confirm that TRPM6 cannot
be replaced by TRPM7, and that TRPM6/7 complexes and TRPM6/7-mediated Mg2+ influx are
indispensable in human epithelial colon cells.

Keywords: cell migration; cell proliferation; intestine; ion imaging; magnesium channel; magnesium
homeostasis; MagT1; NS8593; TRPM7; wound healing

1. Introduction

Magnesium (Mg) is involved in virtually all major metabolic and signaling pathways in the cell,
and disturbances of Mg homeostasis accompany a variety of diseases [1]. Despite recent advancements
in understanding the critical role of Mg in health and disease, the molecular mechanisms governing
cellular and systemic Mg balance remain debated. Systemic Mg homeostasis primarily depends on the
concerted actions of the intestine responsible for Mg uptake from food, and the kidneys, that regulate
urinary Mg excretion [1]. Classical physiological experiments with different animal species have
identified two Mg transport systems in the intestinal epithelium: An active transcellular and a passive
paracellular pathway [2,3]. The paracellular pathway, which is driven by the electrochemical gradient,
is responsible for bulk Mg absorption and takes place mostly in the small intestine, whereas fine-tuning
occurs in the cecum and colon via transcellular transport. The transcellular route consists of apical
Mg entry, mediated by Mg permeable channels, and a basolateral extrusion step involving putative
Na+/Mg2+ exchangers.
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In the last two decades, several proteins have been proposed to facilitate Mg transport [4], but the
biological roles of most of them continue to arouse dispute. The best-characterized transporters are
the transient receptor potential melastatin (TRPM) 6 and 7 cation channels. Both TRPM6 and TRPM7
contain a transmembrane TRP channel segment fused to a cytosolic α-type serine/threonine protein
kinase domain, but the functional relationship and the potential interplay between the channel and
kinase moieties are still debated [5]. TRPM7 is ubiquitously expressed in human tissues and has
been proposed as an indispensable cellular Mg entry pathway since TRPM7-deficient cell lines have
intracellular Mg deficiency and severe cell growth defects [6,7]. The highly homologous TRPM6
channel has a more restricted expression: The highest levels are found in the distal convoluted
tubule of the kidney and in the distal small intestine and colon, in murine as well as human
tissues [8,9]. Interestingly, TRPM6 expression in the kidney and intestine is regulated by dietary
Mg availability [8–11]. The critical role of TRPM6 for systemic Mg homeostasis became evident when
loss-of-function mutations in the TRPM6 gene were discovered in patients with a rare form of hereditary
hypomagnesemia (hypomagnesemia with secondary hypocalcemia, HSH) [12,13]. Although the
etiology of low Mg levels in HSH was initially ascribed to renal Mg wasting, recent findings challenged
this view suggesting that a defect in the intestinal Mg uptake might be of primary relevance [14].
Consequently, it is crucial to identify the key molecular players of intestinal Mg absorption and
their regulation.

It is intriguing that transporting epithelia such as colon mucosa express both TRPM6 and TRPM7.
Pioneering work showed that the two proteins are not redundant, and the functional ion channel at the
plasma membrane is a multimeric complex consisting of either TRPM7 homotetramers or TRPM6/7
heterotetramers, each possessing different biophysical properties [15–17]. However, most findings
were derived from heterologous expression models and resulted in considerable controversy on
the relationship between the two channels and their exact functional role (for an up-to-date review,
see Reference [5]). Recent data from our group seem to corroborate the view that TRPM6, rather than
TRPM7, might have a central role in the colon; indeed, we showed that dietary Mg exerts a protective
effect on colonic mucosa by upregulating TRPM6 expression in an in vivo model [18]. In the present
work, we sought to scrutinize the exact role of each of the two sister channels in the colon. We decided
to use human colon cell lines that innately express both channels, and, therefore, may well epitomize
the physiological context. In our model cell lines, we dissected the contribution of each channel,
by specifically RNA interference (RNAi) silencing either of them, and analyzing the functional
consequences in terms of magnesium influx, proliferation, and migration. We present data suggesting
that an alteration in the ratio between differently assorted tetramers might constitute a flexible way to
modulate cation influx and affect related signaling pathways.

2. Materials and Methods

2.1. Cell Culture

Human colon carcinoma HT29, HCT116, and RKO cells were routinely grown in Dulbecco’s
modified Eagle’s medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 2 mM glutamine,
100 U/mL penicillin, and 100 μg/mL streptomycin in a 5% CO2 humidified atmosphere at 37 ◦C.
Human colon carcinoma Caco-2 cells were grown in the same medium supplemented with 20% FBS.
To assess cell proliferation in conditions of different Mg availability, Mg-free DMEM (Invitrogen)
was supplemented as for routine culture plus the desired amounts of MgSO4. To obtain a transient
downregulation of TRPM7, we used a short interfering RNA (siRNA) targeting the nucleotide sequence
5′-GTCTTGCCATGAAATACTC-3′ (Dharmacon Research Inc., Chicago, IL, USA). For silencing TRPM6,
predesigned siRNAs against human TRPM6 were purchased from Qiagen. Specific siRNAs were
transfected into cells (50 ng per 400,000 cells) using HiPerFect Transfection Reagent (Qiagen Srl.,
Milan, Italy) following the manufacturer’s protocol. Non-silencing, scrambled sequences were used
as controls (CTRL). NS8593 hydrochloride salt was purchased from Sigma Aldrich; a stock solution
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was made in dimethyl sulfoxide (DMSO) and stored in aliquots at −20 ◦C. To assess proliferation,
cells were counted on a Thoma chamber in duplicate samples at given time points.

2.2. Western Blot

Cells were lysed in radioimmunoprecipitation assay (RIPA) buffer (50 mM Tris, pH = 8,
150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 1% NP-40, 0.05% sodium deoxycholate,
and 0.1% SDS) supplemented with protease inhibitors (10 μg/mL leupeptin, 20 μg/mL aprotinin,
1 mM phenylmethanesulfonyl fluoride, 1 mM NaVO4, and 100 mM NaF). Protein concentrations
were determined using the Bradford protein assay (Bio-Rad Laboratories Srl., Segrate (MI), Italy).
Cell extracts (50 μg) were resolved by SDS-PAGE (8%), transferred to polyvinylidene fluoride (PVDF)
membranes, and probed with rabbit monoclonal anti-TRPM7 (1:1000, Abcam Ltd., Cambridge, UK),
rabbit polyclonal anti-TRPM6 (1:500, Biorbyt Ltd., Cambridge, UK), rabbit polyclonal anti-tubulin or
actin (1:1000, Sigma-Aldrich Srl., Milan, Italy) primary antibodies. Horseradish peroxidase-conjugated
secondary antibodies (GE Healthcare Srl., Milan, Italy) were detected by use of the ECL Prime Western
Blotting Detection Reagent (GE Healthcare Srl, Milan, Italy) and the ChemiDoc XRS system (Bio-Rad
Laboratories Srl., Segrate (MI) Italy).Densitometric analysis was performed by using the National
Institutes of Health (NIH) ImageJ software.

2.3. Mg2+ Influx Measurements

Subconfluent cells grown on 35-mm microscopy dishes (μ-dish, ibidi GmbH, Martinsried,
Germany) were loaded with 3 μM Mag-Fluo-4-AM (Thermo Fisher Scientific, Monza (MI), Italy),
and imaged in a Na+, Ca2+ and Mg2+-free buffer at a confocal laser scanning microscope, as previously
described [19]. Cytosolic fluorescence signals were recorded as time series of 5 min at a sampling
frequency of 30 frames/min. The baseline was monitored for 30 s, then MgSO4 was added drop wise to
a final concentration of 20 mM. Changes in intracellular Mg levels at single cell level were estimated by
the mean fluorescent increment ΔF/F [20]. Image analysis was performed by Leica Confocal Software
on 10 representative cells in each microscopic field, and experiments were repeated independently at
least three times.

2.4. Cell Cycle Analysis

Cells were fixed in 70% ethanol and stored at 4 ◦C until analysis. Prior to analysis, cell pellets
were resuspended in 0.2 mg/mL of propidium iodide (PI) in Hank’s balanced salt solution containing
0.6% NP-40 and RNase (1 mg/mL). The cell suspension was then filtered and analyzed for DNA
content on a Coulter EPICS 753 flow cytometer, as previously described [21]. The percentage of cells
in different phases of the cell cycle was determined using ModFit analysis software (version 5.2,
Verity Software House Inc., Topsham, ME, USA).

2.5. Scratch Assay

A scratch assay was performed as previously reported [18]. Cells were seeded in culture inserts
(ibidi GmbH, 70,000 cells/well insert) and cultured for 24 h to allow attachment. Insert removal created
a 500-μm-wide cell-free gap between two confluent cell monolayers. Wound closure was monitored
with an Eclipse TE2000-S microscope (Nikon Instruments Spa, Campo Bisenzio (FI), Italy) for up
to 48 h, and images were analyzed using the NIH ImageJ software. Results were expressed as the
percentage of the initial gap area that was covered by cells after the indicated time.

2.6. Statistical Analysis

All experiments were repeated independently three times. Prism software (version 5.01, GraphPad
Software Inc., La Jolla, CA, USA) was used for all statistical analyses. Statistical significance was
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evaluated using unpaired Student’s t test. Differences were considered statistically significant for a
p value < 0.05, and significance levels were assigned as follows: * for p < 0.05, ** for p < 0.01.

3. Results

3.1. Cell Characterization

First, we assessed a panel of human colon cell lines (HT29, HCT116, RKO and Caco-2) for TRPM6
and TRPM7 protein expression using Western blot. As expected, all tested lines expressed both
channels, though to various levels (Figure 1A,B). We focused on HT29 cells, which expressed the
highest TRPM6 levels, but confirmed selected experiments in HCT116 cells. In HT29 cells, we also
verified that proliferation was strictly dependent on extracellular Mg availability (Figure 1C).

Figure 1. Human colon cells express both transient receptor potential melastatin type TRPM6 and
TRPM7 and depend on extracellular Mg availability for growing. A representative Western blot (n = 3)
is shown for (A) TRPM7 and (B) TRPM6 in a panel of human colon cell lines. Tubulin was used as a
loading control. (C) HT29 cell proliferation in conditions of low (0.1 mM), normal (0.8 mM) and high
(10 mM) Mg availability. Cells were grown in Mg-free Dulbecco’s modified Eagle’s medium (DMEM)
supplemented as for routine culture plus the indicated amounts of MgSO4 and counted at 24, 48 and
72 h in duplicates (n = 3). * p < 0.05 by unpaired Student’s t test.

To downregulate specifically the expression of either channel, we used transient siRNA
transfection and assessed mRNA and protein expression by real-time reverse transcriptase polymerase
chain reaction (RT-PCR) and Western blot, respectively. Significant TRPM7 knock-down was achieved
at the mRNA level and was confirmed at the protein level in both HT29 and HCT116 cells (Figure 2A,
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Figures S1 and S2). TRPM7 silencing did not affect TRPM6 expression (Figure 2A). Transfection
of TRPM6-specific siRNA resulted in knock-down of TRPM6 expression with no effects on TRPM7
expression in HT29 cells (Figure 2B). Similar results were obtained in HCT116 cells (not shown).

Figure 2. Specific short interfering RNA (siRNA) transfection efficiently downregulates TRPM7 and
TRPM6 in human colon cells. HT29 cells were transfected with either (A) TRPM7 or (B) TRPM6-specific
siRNA, and protein expression of both channels was evaluated by western blot 48 h after transfection.
Non-silencing, scrambled sequences were used as controls (CTRL). Tubulin was used as a loading
control. A representative blot is shown (n = 3). Note that TRPM7 silencing does not affect TRPM6
expression and vice versa. See Figure S1 in supplementary materials for complete blots, and Figure S2
in supplementary materials for mRNA expression by real time RT-PCR and additional data on
HCT116 cells.

These data prove that RNAi can achieve specific and significant downregulation of each channel
and allow the distinguishing of the contribution of TRPM6 vs. TRPM7 to given cell functions.

3.2. Contribution of TRPM7 to Colon Cell Functions

Next, we transfected cells with TRPM7-specific siRNA and evaluated the effects on cation influx
and most closely related functions, such as proliferation and migration, in both HT29 and HCT116
cells. Results for HT29 cells are shown in Figure 3, while principal findings for HCT116 cells are
reported in Figure S3. In preliminary experiments, TRPM7-silenced cells paradoxically exhibited a
significant increase in constitutive divalent cation influx as assessed by the Mn2+ quenching technique
(Figure S3A). Since the Mn2+ quenching assay does not discriminate the divalent species involved,
to determine whether the transmembrane flux was due to an Mg2+ entry, we performed live imaging of
cells loaded with the Mg-specific fluorescent probe Mag-Fluo-4. Fluorescence imaging confirmed that
TRPM7-silenced cells had a higher Mg2+ uptake (Figure 3A). In addition, TRPM7-silenced cells showed
a significantly faster proliferation rate, as assessed by cell counting (Figure 3B), and confirmed by a
higher percentage of cells in the S phase of the cell cycle (Figure 3C). Finally, we performed a scratch
assay to evaluate the effect of TRPM7 downregulation on wound healing capacity, which encompasses
both proliferation and migration properties. We found that TRPM7-silenced cells closed the cell-free
gap much more efficiently than control cells (Figure 3D,E).
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Figure 3. Contribution of TRPM7 to Mg2+ influx and Mg-dependent colon cell functions. HT29 cells
were transiently silenced for TRPM7 as detailed in Materials and Methods. For HCT116 cells,
see Figure S2. (A) Mg2+ influx capacity, as assessed 72 h after siRNA transfection. Mag-Fluo-4-loaded
cells were challenged with 20 mM Mg (arrow) and time course of single-cell fluorescence was followed
by live confocal imaging. The mean fluorescence (ΔF/F) of 10 cells ± standard error (SE) from
a representative experiment is reported (n = 3). (B) Cell proliferation. Cells were counted at the
indicated times after siRNA transfection; mean ± SE of three independent experiments is shown.
(C) Cell cycle distribution, as assessed 72 h after siRNA transfection. The percentage of cells in
each phase was evaluated by flow cytometry; results are from a representative experiment (n = 3).
(D) Cell migration. Cells were silenced and grown to confluence in well inserts for 24 h. Insert removal
created a 500-μm-wide cell-free gap, whose closure was monitored by microscopy. Representative
images of the wound after 24 h in CTRL and siRNA TRPM7 cells are shown. (E) Cell migration.
Quantification of the cell-covered area from three independent wound healing assays. Results are
expressed as the percentage of the initial gap area that was covered by cells after 24 h. * p < 0.05,
** p < 0.01 by unpaired Student’s t test.

Altogether, these results provide a consistent picture whereby downregulation of TRPM7 in
TRPM6-expressing colon cells paradoxically results in strengthening of the characteristics usually
associated to TRPM7 expression in other tissues, namely cation entry, proliferation and migration.
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3.3. Contribution of TRPM6 to Colon Cell Functions

We moved on to examine TRPM6 contribution to the same cellular functions by transfecting a
TRPM6-specific siRNA in HT29 cells. In marked contrast to TRPM7-silenced cells, downregulation
of TRPM6 did not appear to affect significantly Mg2+ influx, as measured by Mag-Fluo-4 imaging
(Figure 4A). Correspondingly, proliferation rate of TRPM6-silenced cells did not differ considerably
from that of control cells (Figure 4B).

Figure 4. Contribution of TRPM6 to Mg2+ influx and cell proliferation in colon cells. HT29 cells were
transiently silenced for TRPM6 and assessed at the indicate times after transfection. (A) Mg2+ influx
capacity, as assessed 72 h after siRNA transfection. Mag-Fluo-4-loaded cells were challenged with
20 mM Mg (arrow) and time course of single-cell fluorescence was followed by live confocal imaging.
The mean fluorescence (ΔF/F) of 10 cells ± SE from a representative experiment is reported (n = 3).
(B) Cell proliferation. Cells were counted in duplicates; mean ± SE of three independent experiments
is shown.

We conclude that partial downregulation of TRPM6 on a background of normal TRPM7 expression
is not sufficient to alter significantly Mg2+ entry and cell proliferation.

3.4. Contribution of TRPM6/7 Channels

In the light of the results reported in the previous sections, we hypothesized that the
non-redundant role of TRPM6 and TRPM7 in colon cells might be due to the formation of heteromeric
channels. It is known that, in cells expressing both TRPM6 and TRPM7, the functional ion channel at the
plasma membrane may consist of both TRPM7 homomers and TRPM6/7 heteromers [5]. To support
the idea that Mg2+ influx through TRPM6/7 channels is critical for colon cell function, we used
pharmacological inhibition by NS8593, a specific TRPM6/7 inhibitor [22,23]. In the presence of 30 μM
NS8593, colon cells exhibited a reduced Mg2+ influx capacity, as evidenced by a markedly delayed and
slower uptake kinetics (Figure 5A). Correspondingly, NS8593-treated cells had a decreased proliferation
rate (Figure 5B), and a lower percentage of cells in the S phase of the cell cycle (Figure 5C). Furthermore,
NS8593 significantly inhibited wound healing capacity (Figure 5D,E). Importantly, inhibition by NS8593
on cell proliferation and migration was successfully rescued by Mg2+ supplementation (10 mM).
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Figure 5. Contribution of TRPM6/7 channels to Mg2+ influx and cell proliferation. NS8593 was used
at 30 μM. (A) Mg2+ influx capacity. Mag-Fluo-4-loaded cells were challenged with 20 mM Mg (arrow)
in the presence of NS8593, and time course of single-cell fluorescence was followed by live confocal
imaging. The mean fluorescence (ΔF/F) of 10 cells ± SE from a representative experiment is reported
(n = 3). (B) Cell proliferation. Following NS8593 treatment, cells were counted at the indicated times;
mean ± SE of three independent experiments is shown. (C) Cell cycle distribution. Percentage of
cells in each phase was evaluated by flow cytometry 48 h after NS8593 treatment. Results are from a
representative experiment (n = 3). (D) Cell migration. Cells were grown to confluence in inserts that
were subsequently removed leaving a 500-μm-wide cell-free gap; NS8593 was added 4 h before insert
removal. Wound closure was monitored by microscopy; representative images of the wound after 48 h
in CTRL and NS8593-treated cells are shown. (E) Quantification of the cell-covered area (n = 3); results
are expressed as the percentage of the initial gap area that was covered by cells after 48 h. * p < 0.05 by
unpaired Student’s t test.

Therefore, we conclude that in colon cells Mg2+ uptake and related cellular functions strictly
depend on formation of TRPM6/7 heteromers, which are the physiological active form of the channel.
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4. Discussion

In the present paper, we report the molecular characterization of Mg2+ uptake in colon cell
lines and demonstrate that the presence of the TRPM6 channel is essential to guarantee intestinal Mg
absorption and Mg-dependent epithelial functions. Surprisingly, we show that TRPM7 downregulation
resulted in increased Mg2+ influx, and consequently faster cell proliferation and migration of colon
cells (Figure 3). This is opposed to a vast body of literature indicating that in several other cell types
TRPM7 expression is positively associated with proliferation and migration, in particular in tumor
cells [24,25]. The most straightforward explanation for an increased Mg2+ influx in the face of a
decreased TRPM7 expression would be that TRPM7 downregulation triggered an up-regulation in
other Mg-transporting proteins, as previously demonstrated in different models [26,27]. Although
we cannot rule out the involvement of still undisclosed players, we have convincing evidence that
TRPM7-silenced cells displayed unchanged expression of the two major candidates, i.e., TRPM6
(Figure 2A) or MagT1 (Figure S1B). In contrast to TRPM7 knocking-down, TRPM6 silencing did not
appear to affect significantly Mg2+ uptake and proliferation in colon cells (Figure 4).

To explain the apparent paradox in our results, we must take into account the coexistence of
significant levels of both TRPM6 and TRPM7 in all tested cells. This implies that the functional ion
channel at the plasma membrane may consist of both TRPM7 homomers and TRPM6/7 heteromers.
The prevalence of either form may depend on the expression ratio between the two proteins, and may
result in different functional properties.

It was originally proposed that native TRPM6 functions primarily as a subunit of heteromeric
TRPM6/7 complexes [15], and this model has been corroborated by recent data [14,23,28].
The emerging picture is that TRPM6 and TRPM7 differentially contribute to regulatory characteristics
of the heteromeric TRPM6/7 channel, so that the activity of the complex will hardly be affected
by physiological intracellular concentrations of Mg2+ and Mg-ATP [23] or by osmotic changes [28].
This mechanism appears to be an indispensable prerequisite for efficient transcellular Mg2+ transport in
intestinal cells, where a high and constant Mg2+ uptake should be uncoupled from cellular metabolism
of Mg2+ and Mg-ATP [23], and should remain unaffected by frequent osmotic changes [28]. Such a
functional fingerprint is probably not required in other cell types, which indeed only express TRPM7.

Our data fit perfectly in this model: Silencing either TRPM7 or TRPM6 is in fact a way to
alter the relative abundance of the two proteins, and consequently will affect the ratio between
differently assorted tetramers in favor of TRPM6/7 heteromers or TRPM7 homomers, respectively
(Figure 6). We propose that TRPM7 downregulation tips the balance towards increased relative
abundance of TRPM6/7 complexes, which are responsible for the observed increase in Mg2+ influx and
Mg-dependent cell functions. Accordingly, in electrophysiological measurements current amplitudes
of TRPM6/7 complexes were found to be higher than those of TRPM7 homomers [15,23,29]. In contrast,
TRPM6 downregulation should favor TRPM7 homomerization and result in overall reduced Mg2+

influx and cell proliferation. Although we did not find a remarkable effect of TRPM6 downregulation
(Figure 4), it must be noted that we only achieved a partial TRPM6 downregulation, which may
be compatible with retaining sufficient levels of TRPM6/7 channels to foster Mg2+ entry and cell
proliferation. However, when we used NS8593 as a potent and specific way to block channel activity
regardless of its composition, we did obtain the expected reduction in Mg2+ uptake and cell growth
(Figure 5). Furthermore, the observed inhibition was rescued by Mg supplementation, which proves
that as long as sufficient Mg2+ entry occurs, cellular Mg homeostatic mechanisms are able to sustain
cell proliferation and migration even with reduced TRPM6/7 function(s). Altogether, our findings
confirm that TRPM6/7 complexes and TRPM6/7-mediated Mg2+ influx are absolutely necessary in
human epithelial colon cells. More specifically, TRPM6 has an indispensable role in controlling Mg2+

entry and cell proliferation, and other ion channels, including the highly homologous TRPM7 channel,
cannot replace its function.
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Figure 6. Suggested model for the role of TRPM6 in intestinal Mg absorption. Colon cancer cells express
both TRPM7 and TRPM6, which can assemble into functional homomers or heteromers at the plasma
membrane (left). The different regulation of TRPM7 and TRPM6/7 channels in physiological conditions
determines higher Mg2+ fluxes through TRPM6/7 heteromers. Thus, the ratio between differently
assorted tetramers affects cation influx and related signaling pathways (right panels). Partial TRPM7
silencing favors formation of TRPM6/7 channels, thereby increasing Mg2+ influx, and consequently
cell proliferation and migration (upper right panel). In turn, partial TRPM6 knocking-down promotes
assembly of TRPM7 homomers, which sustain basal Mg2+ influx and proliferation (middle right panel).
Pharmacological inhibition of assembled channels decreases overall Mg2+ influx, and downstream
functions (lower middle panel).

The main strength of our work is that we carried out our functional characterization in a
completely naïve cell model, without resorting to heterologous expression systems. In the past,
overexpression of recombinant proteins has greatly contributed to investigating TRPM6 and TRPM7
currents and regulation, but also generated conflicting and still unexplained results regarding
TRPM6 [5]. Our results are limited to few prototypal human colon cell lines, and need further
investigation before they can be generalized. In particular, the proof of concept of our hypothesis
would require determination of the absolute expression levels of TRPM7 and TRPM6 as well as of the
exact stoichiometric architecture of TRPM6/7 heteromers, which is technically very challenging.

Despite its limitations, our interpretation is completely in line with wider and more sophisticated
studies demonstrating that TRPM6 is essential for intestinal magnesium absorption and systemic Mg
balance. [14]. As for TRPM7, to the best of our knowledge, no studies investigated either mineral
homeostasis in TRPM7-deficient adult mice or specific ablation of TRPM7 in the intestine. However,
we would not expect to reproduce our results in a TRPM7 KO system, because the complete absence of
TRPM7 would also impair TRPM6 proper localization and function [14,15]. Interestingly, heterozygous
TRPM7 knock-in mice devoid of the kinase domain or activity display an altered systemic Mg
homeostasis [7,30]. Although relative levels of TRPM7 homomers vs. TRPM6/7 heteromers might
change in heterozygous mice, this situation cannot be exactly matched with our working model,
since the current thinking is that the TRPM7 kinase moiety may function as a sensor of the organismal
Mg status [30]. Overall, we cannot compare our in vitro data with any existing model. Nevertheless,
the peculiarity, and paradoxically, the strength, of our model is that we only partially knock-down
expression of either channel, thereby modulating the assortment of the functional complexes on a
background of concurrent TRPM6 and TRPM7 expression.
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5. Conclusions

In conclusion, our data confirm the existing view that maintenance of systemic Mg homeostasis
requires a constant Mg supply that can be warranted only by TRPM6/7 heteromers in the intestine,
and provide a simple and effective model to investigate the functional relationship between TRPM6
and TRPM7.

Supplementary Materials: The following are available online at http://www.mdpi.com/2072-6643/10/6/784/s1.
Figure S1: Complete blots corresponding to the images shown in Figure 2A. Figure S2: Transient siRNA
transfection efficiently downregulates TRPM7 mRNA in human HT29 and HCT116 colon cells (A), and TRPM7
protein in HCT116 cells (B). Figure S3: Contribution of TRPM7 to Mg2+ influx and Mg-dependent cell functions in
HCT116 cells. (A) Mn2+ quenching; (B) Mg2+ influx capacity; (C) Cell Proliferation; (D) Cell cycle distribution.
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Abstract: Low magnesium may increase the risk of atrial fibrillation. We conducted a double-blind
pilot randomized trial to assess adherence to oral magnesium supplementation (400 mg of magnesium
oxide daily) and a matching placebo, estimate the effect on circulating magnesium concentrations,
and evaluate the feasibility of using an ambulatory heart rhythm monitoring device (ZioPatch) for
assessing premature atrial contractions. A total of 59 participants were randomized; 73% were women,
and the mean age was 62 years. A total of 98% of the participants completed the follow-up. In the
magnesium supplement group, 75% of pills were taken, and in the placebo group, 83% were taken.
The change in magnesium concentrations was significantly greater for those given the magnesium
supplements than for those given the placebo (0.07; 95% confidence interval: 0.03, 0.12 mEq/L;
p = 0.002). The ZioPatch wear time was approximately 13 of the requested 14 days at baseline and
follow-up. There was no difference by intervention assignment in the change in log premature atrial
contractions burden, glucose, or blood pressure. Gastrointestinal changes were more common among
the participants assigned magnesium (50%) than among those assigned the placebo (7%), but only one
person discontinued participation. In sum, compliance with the oral magnesium supplementation
was very good, and acceptance of the ZioPatch monitoring was excellent. These findings support the
feasibility of a larger trial for atrial fibrillation (AF) prevention with oral magnesium supplementation.

Keywords: magnesium; atrial fibrillation; glucose; randomized controlled trial

1. Introduction

Atrial fibrillation (AF) is a common cardiac arrhythmia characterized by irregular atrial electrical
activity. In the United States (US), more than 3 million individuals had AF in 2010, and this figure
is expected to more than double by 2050 [1–3]. Current AF treatments, including antiarrhythmic
drugs and catheter ablation for rhythm restoration and oral anticoagulation for the prevention
of thromboembolism, have suboptimal efficacy and carry significant risks [4]. The limitations of
the available therapeutic approaches highlight the need for primary prevention interventions [5,6].
As highlighted in a 2009 National Heart, Lung, and Blood Institute (NHLBI) report [5] and stressed in
a more recent Heart Rhythm Society-sponsored whitepaper [6], there is an urgent need to identify new
and effective strategies for the primary prevention of AF.
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Compelling evidence from numerous lines of inquiry suggests that low concentrations of
serum magnesium may be causally associated with AF risk. First, magnesium supplementation
is recommended as prophylaxis for the prevention of AF in patients undergoing cardiac surgery.
A recent Cochrane systematic review and meta-analysis of randomized trials assessing the efficacy
of magnesium supplementation for AF prevention in heart surgery reported an odds ratio of 0.55
(95% CI: 0.41, 0.73) for AF or supraventricular arrhythmia, comparing the magnesium intervention
to the control [7]. Second, indirect evidence from three prospective epidemiologic studies provides
some support for such intervention; each reported that individuals in the lowest versus the highest
quantile of serum magnesium were 35–50% more likely to develop incident AF, after multivariable
adjustment [8–10]. Finally, additional evidence for the effect of magnesium on the risk of arrhythmias
is provided by a study of dietary magnesium restriction, in which 3 out of 14 women fed a
low-magnesium diet developed AF, which resolved quickly after magnesium repletion [11].

Whether magnesium supplementation could have a role in the prevention of AF in the community
has not been tested. Were magnesium supplementation shown to prevent AF and be safe over the
long-term, it would be an ideal intervention for primary prevention, as it is easy to implement,
inexpensive, and low concentrations are common. The population prevalence of low magnesium is
not known but is believed to be high. Individuals at particularly high risk of hypomagnesemia are
alcoholics, those who take certain diuretics, those with poorly controlled diabetes [12], and the elderly.
In a study of nursing home residents, 33% were clinically deficient [13]. Intake of magnesium in the US
population is also low, to the extent that the 2015 Dietary Guidelines Advisory Committee classified
magnesium as a “shortfall nutrient”, based on the finding that approximately 50% of Americans
consume less than the estimated average requirement [14]. However, dietary magnesium intake and
serum magnesium are poorly correlated; in the community-based Atherosclerosis Risk in Communities
(ARIC) study, the Pearson’s correlation coefficient was only 0.04 [9].

As part of the planning effort for a large randomized trial to prevent AF with magnesium
supplementation, we conducted a double-blind, placebo-controlled randomized clinical trial of oral
magnesium supplementation to assess supplement adherence, the side effects, the effect on serum
magnesium concentration, and the feasibility of using an ambulatory monitoring device for the
identification of arrhythmias.

2. Materials and Methods

The study was registered at Clinicaltrials.gov (# NCT02837328). The study protocol was approved
by the University of Minnesota Institutional Review Board, and all participants provided written
informed consent.

2.1. Study Participants

Participants of 55 years of age or older were recruited using fliers, the University of Minnesota
StudyFinder website, invitations to individuals enrolled in the ResearchMatch research volunteer
database, and invitations to University of Minnesota School of Public Health employees. The exclusion
criteria included a prior history of heart disease (coronary heart disease, heart failure, AF), stroke,
or known kidney disease; the use of type I or III antiarrhythmic drugs or digoxin; the current use of
magnesium supplements; any prior history of allergy or intolerance to magnesium; lactose intolerance;
and a prior history of inflammatory bowel disease or any severe gastrointestinal disorder. The use of
multivitamins was allowable, because these typically contain relatively low dosages of Magnesium
(e.g., 50 mg).

The eligible participants attended a baseline visit where measurements were conducted and a
Zio® XT Patch (ZioPatch; iRhythm Technologies, Inc., San Francisco, CA, USA) heart rhythm monitor
was applied by trained staff. After wearing the ZioPatch for 2 weeks, the participants were randomized
1:1 to either 400 mg of magnesium oxide or a placebo using block randomization within two strata
of age (younger than 65 and 65 and older). The randomization was carried out separately for the
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two randomization strata. In each group, a randomization schedule was generated using randomly
permuted blocks of random sizes. Block sizes of 2, 4, or 6 were permitted. The randomization was
implemented using the blockrand package in R.

Following randomization, the participants were mailed the study intervention, which they took
for a total of 12 weeks. Then, 10 weeks after beginning the study intervention, the participants took
part in a follow-up clinic visit, and a second ZioPatch was applied. The participants continued the
study intervention until the second ZioPatch was removed (2 weeks after the follow-up clinic visit).
A participant flow diagram is provided in Figure 1.

Figure 1. * Due to missing data on individual items, the total numbers of observations included in
the linear models are 57, 57, 54, 54, 58, and 58 for the outcomes log premature atrial contraction (PAC)
burden, PAC burden, serum magnesium, serum glucose, systolic blood pressure, and diastolic blood
pressure, respectively.

2.2. Study Intervention and Blinding

The University of Minnesota Institute for Therapeutics Discovery and Drug Development
produced the active study intervention (400 mg of magnesium oxide) and the matched placebo
(lactose) according to Good Manufacturing Practices. The University of Minnesota Investigational
Drug Service managed the bottling per the randomization scheme. The study participants and all the
study staff were blinded to the treatment given.
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2.3. Measurements

At the baseline and follow-up clinic visits, the participants completed questionnaires, and trained
study staff conducted physiological measurements (i.e., anthropometry, blood pressure), phlebotomy,
and applied the ZioPatch device. Treatment compliance was assessed by a pill count at the follow-up
visit. At intervention days 21, 42, and 80, the participants were also emailed unique links to online
questionnaires, administered via REDCap [15], which queried compliance and asked the following
open-ended question about adverse effects: “Since starting the study, have you experienced anything
out of the ordinary?” Participant blinding was also assessed on intervention day 80, the last day of
the study.

The ZioPatch was used to identify premature atrial contractions (PACs). PACs are supraventricular
arrhythmias associated with the future risk of AF [6,16,17] and are considered an intermediate
phenotype of the arrhythmia, reflecting the underlying cardiac substrate that facilitates the
development of AF [18]. The participants were asked to wear the ZioPatches for 2 weeks after each
clinic visit. The information obtained from the ZioPatch devices was processed by the ZEUS algorithm,
a comprehensive system that analyzes electrocardiographic data received from the device [19].
We counted as PACs isolated supraventricular ectopic beats, supraventricular ectopic couplet total
count, and supraventricular ectopic triplet total count. The total PACs were then divided by the
number of hours the ZioPatch recorded analyzable data, which yielded PACs per hour.

The participants were asked to fast for 8 h prior to blood draws. Serum magnesium and glucose
were measured using the Roche Cobas 6000 at the University of Minnesota Advanced Research and
Diagnostic Laboratory. Blood pressure was measured with the participant sitting, after a 5 min rest,
with a random zero sphygmomanometer (Omron Digital Blood Pressure Monitor HEM-907XL; Omron
Healthcare Inc., Kyoto, Japan). Three measurements were taken; all three measurements were averaged
for use in analyses. Height and weight were measured with the participants in light clothing and shoes
removed. Height was measured with a research stadiometer and weight with a scale.

2.4. Statistical Analysis

The goal of the pilot study was to assess adherence to the magnesium supplement and the
feasibility of using the ZioPatch and to collect preliminary data on PACs, a predictor of AF. The targeted
sample size of 60 was determined to detect a difference in the change in log PACs (follow-up minus
baseline) between treatment groups of 0.79 standard deviation units with 80% power and 5% type I
error (2-sided), assuming five participants would not complete the follow-up.

All analyses were intent-to-treat. Descriptive statistics are provided according to treatment
assignment for baseline characteristics, adherence, magnesium concentrations, and other outcomes.
The differences in baseline characteristics between groups were assessed using t-tests for continuous
variables and Fisher’s exact tests for categorical variables. Linear regression was used to
evaluate whether change in outcomes differed according to treatment assignment, adjusting for the
randomization stratification factor (age ≥65 vs. <65) and the baseline value of the outcome with robust
variance estimates for confidence intervals and p-values. Post-hoc sensitivity analyses further adjusted
for sex. As PAC burden is highly skewed, we pre-specified using log PAC burden for analysis and
reported the ratio of geometric means. Pre-specified subgroup analyses were also performed, stratified
by baseline magnesium concentration (< vs. ≥median). A two-sided p-value of <0.05 was used to
indicate statistical significance. The analyses were conducted using R [20] version 3.4.0 (R Foundation,
Vienna, Austria).
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3. Results

3.1. Study Participants

Between March and June 2017, 59 participants were randomized: 29 were assigned to the
magnesium supplement and 30 to the matching placebo. The participant characteristics were generally
similar by treatment group, with the notable exception of sex; 86.2% of the participants in the treatment
group were women, while in the placebo group, 60.0% were female (Table 1). The mean age of the
participants was 61.5 ± 5.2 years. The baseline serum magnesium concentration was 1.74 ± 0.11
mEq/L in the participants assigned the magnesium supplements and 1.71 ± 0.10 in those assigned the
placebo; 6.9% had magnesium concentrations below the threshold for clinical deficiency (<1.5 mEq/L),
while 37.9% had concentrations below the threshold for subclinical deficiency (<1.7 mEq/L).

Table 1. Baseline participant characteristics * overall and stratified by intervention status.

Overall
Magnesium

(400 mg Daily)
Placebo p-Value

N 59 29 30

Demographics
Age, years 61.5 ± 5.2 61.3 ± 5.3 61.6 ± 5.2 0.814
Age category 0.761
≥65 years 14 (23.7) 6 (20.7) 8 (26.7)
<65 years 45 (76.3) 23 (79.3) 22 (73.3)

Sex 0.039
Female 43 (72.9) 25 (86.2) 18 (60.0)
Male 16 (27.1) 4 (13.8) 12 (40)

Race 0.612
White 56 (94.9) 27 (93.1) 29 (96.7)
Nonwhite 3 (5.1) 2 (6.9) 1 (3.3)

Educational attainment 0.279
High school graduate or GED 1 (1.7) 0 (0) 1 (3.3)
Some college 10 (16.9) 6 (20.7) 4 (13.3)
College graduate 26 (44.1) 10 (34.5) 16 (53.3)
Graduate school or professional school 22 (37.3) 13 (44.8) 9 (30)

Physiologic characteristics
Height, cm 167.9 (9.2) 167.1 (8.1) 168.7 (10.3) 0.491
Weight, kg 79.2 (18.2) 78.0 (18.0) 80.5 (18.7) 0.603
BMI, kg/m2 27.9 ± 4.6 27.7 ± 4.9 28.0 ± 4.5 0.804
Serum magnesium, mEq/L 1.72 ± 0.11 1.74 ± 0.12 1.71 ± 0.10 0.308
Systolic blood pressure, mmHg 119 ± 16 119 ± 14 119 ± 18 0.933
Diastolic blood pressure, mmHg 71 ± 9 72 ± 9 71 ± 10 0.627
Antihypertensive medication 14 (24) 9 (31) 5 (17) 0.233
Serum glucose, mg/dL 98.9 ± 29.9 94.2 ± 10.6 103.2 ± 40.2 0.242

Sensitivity analysis ** 95.2 ± 11.1 94.2 ± 10.6 96.2 ± 11.6 0.494
Glucose lowering medication 2 (3.4) 0 (0) 2 (6.7) 0.492
PAC burden, episodes/h 14.5 ± 58 8.5 ± 14 20.2 ± 80 0.437

Median (25th, 75th percentiles) 2.28 (1.22, 6.86) 3.64 (1.31, 7.57) 1.75 (1.12, 4.01)
Log PAC burden, log(episodes/h) 1.15 ± 1.42 1.26 ± 1.35 1.04 ± 1.49 0.566

Median (25th, 75th percentiles) 0.82 (0.20, 1.92) 1.29 (0.27, 2.02) 0.55 (0.11, 1.39)

GED, general education diploma; BMI, body mass index; PAC, premature atrial contractions; and SD, standard
deviation. * mean ± SD or n (%). ** Omission of one participant with a baseline glucose value of 307 mg/dL.

Log PAC burden (episodes per hour) at baseline was 1.26 ± 1.35 in the treatment group and
1.15 ± 1.42 in the placebo group. At baseline, the average ZioPatch analyzable time in the intervention
and placebo groups were 13.1 ± 1.7 and 12.9 ± 2.6 days, respectively, with 93.1% assigned to
magnesium and 90.0% assigned to placebo wearing ≥12 days.
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3.2. Follow-Up

A total of two participants, both in the intervention group, were missing ZioPatch information
at follow-up; one participant dropped out of the study, and one was missing information due to a
device malfunction.

3.3. Adherence and Magnesium Concentrations

Based on pill count, the participants in the magnesium group took 75.1% ± 17.8% of tablets,
whereas those in the placebo group took 83.4% ± 5.9%. Self-reported information about the percent of
missing pills and the reasons for missing pills is provided in Table 2. Of the participants, 60% in the
Magnesium group reported missing at least 1 pill, as did 52% in the placebo group. The most common
reason for missing pills was forgetting. However, five individuals in the Magnesium group marked
the response “makes me sick” as the reason for not taking a pill, whereas no individuals in the placebo
group reported missing pills for that reason.

Table 2. Self-reported compliance.

Compliance % Reporting Missing Pills Reason for Missing Pills, N

Forgot Too Busy
Makes Me

Sick
Other

Ever reported *
Magnesium 60% 7 0 5 2
Placebo 52% 11 2 0 3

% Reporting Missing Pills in: Reason for Missing Pills, N

Reported at Specific
Follow-Up Visits **

Last
3 Days

Last
1 Week

Last
2 Weeks

Intervention Day 21
Magnesium 8% 12% 20% 2 0 2 1
Placebo 0% 7% 24% 7 1 0 0

Intervention Day 42
Magnesium 22% 33% 39% 5 0 5 1
Placebo 15% 22% 31% 6 2 0 2

Intervention Day 80
Magnesium 14% 27% 40% 5 0 1 0
Placebo 12% 23% 28% 6 1 0 1

* Over any time frame (i.e., last 3 days, last 1 week, last 2 weeks). ** Responses not mutually exclusive (e.g., the same
individual could have reported forgetting to take pills at intervention days 21, 42, 80).

Over the 12-week follow-up period, those assigned magnesium supplementation had a significant
increase in serum magnesium concentration as compared with those assigned the placebo (0.07 mEq/L;
95% CI: 0.03, 0.12; p = 0.002) (Table 3). In subgroup analyses, the change in magnesium concentration
did not vary by baseline magnesium concentration (Table 4; p-interaction 0.24). Specifically, among the
participants who at baseline were below the median serum magnesium concentration (i.e., 1.74 mEq/L),
the effect of the magnesium versus the placebo on the change in the serum magnesium concentration
was 0.05 (95% CI: 0.00, 0.10), whereas among those at or above the median at baseline, the effect was
0.12 (95% CI: 0.04, 0.20).
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Table 3. Change in PACs and secondary endpoints (i.e., systolic blood pressure (SBP), diastolic blood
pressure (DBP), serum glucose, serum magnesium) according to treatment group.

Magnesium
(400 mg Daily)

Mean (SD)

Placebo
Mean (SD)

Intervention
Effect Coefficient *

(95% CI)
p-Value

Primary outcome (episodes/h)

Log PAC burden 0.94 (0.69, 1.3) ** 0.73
Baseline 1.26 (1.4) 1.04 (1.49)
Follow-up † 1.16 (1.41) 1.09 (1.53)
Change −0.06 (0.68) 0.05 (0.75)

PAC burden 0.44 (−2.58, 3.46)
Baseline 8.5 ± 14 20.2 ± 80
Follow-up † 8.1 ± 12 14.6 ± 48
Change −0.6 ± 7 −5.6 ± 33

Secondary outcomes

Serum magnesium, mEq/L 0.07 (0.03, 0.12) 0.002
Baseline 1.74 (0.12) 1.71 (0.1)
Follow-up ‡ 1.8 (0.13) 1.71 (0.11)
Change 0.07 (0.09) 0 (0.1)

Serum glucose, mg/dL
Baseline 94.2 (10.6) 103.2 (40.2) 2.4 (−3.0, 7.7) 0.39
Follow-up ‡ 96.3 (12.2) 96.2 (13.7)
Change 1.8 (7.5) −7.1 (32.8)

Serum glucose ¥, mg/dL
Baseline 94.2 (10.6) 96.2 (11.6) 2.8 (−0.9, 6.4) 0.14
Follow-up ‡ 96.3 (12.2) 95 (12.4)
Change 1.75 (7.5) −1.21 (6.7)

Systolic blood pressure, mmHg 2.9 (−1.8, 7.2) 0.18
Baseline 119 (14) 119 (18)
Follow-up ‡ 118 (14) 115 (14)
Change −1 (10) −4 (10)

Diastolic blood pressure, mmHg −0.5 (−3.5, 2.5) 0.74
Baseline 71.8 (8. 7) 70.6 (10.3)
Follow-up ‡ 71.0 (8.8) 70.8 (8.7)
Change −0.5 (7.1) 0.2 (6.1)

CI, confidence Interval; DBP, diastolic blood pressure; PAC, premature atrial contractions; SD, standard deviation;
and SBP, systolic blood pressure. * Adjusted for age (≥65 or <65), and baseline concentration (e.g., when change
in glucose is the outcome, models were adjusted for baseline glucose). The numbers of observations included in
linear models are 57, 57, 54, 54, 53, 58, and 58 for the outcomes log PAC burden, PAC burden, serum magnesium,
serum glucose, serum glucose excluding outlier, systolic blood pressure and diastolic blood pressure, respectively.
** Presented as a ratio of geometric means (i.e., exp(coefficient)). † ZioPatch was worn for a 2-week period, from
the follow-up clinic visit (intervention week 10) through the end of the study (intervention week 12). ‡ Follow-up
information obtained at clinic visit (intervention week 10). ¥ Outlier removed.

Table 4. Change in PACs and secondary endpoints (i.e., SBP, DBP, serum glucose, serum magnesium)
according to treatment group, stratified by baseline serum magnesium concentration.

Primary Outcome

Baseline Serum Magnesium Concentration

p-Interaction
<Median ≥Median

Intervention Effect
Coefficient * (95% CI)

p-Value
Intervention Effect

Coefficient * (95% CI)
p-Value

Log PAC burden 0.89 (0.51, 1.54) ** 0.67 0.91 (0.61, 1.35) ** 0.64 0.88
Serum magnesium, mEq/L 0.05 (0, 0.10) 0.04 0.12 (0.04,0.20) 0.004 0.24

Serum glucose, magnesium/dL −4.7 (−13.3, 4.0) 0.29 6.0 (2.0, 10.0) 0.03 0.06
Serum glucose, magnesium/dL ¥ −3.2 (−9.0, 2.6) 0.28 6.0 (2.0, 10.0) 0.03 0.01
Systolic blood pressure, mmHg 4.8 (1.0, 8.5) 0.01 3.8 (−2.5, 10.2) 0.24 0.96
Diastolic blood pressure, mmHg 5.5 (0.6, 10.4) 0.03 2.4 (−5.6, 0.8) 0.14 0.009

CI, confidence Interval; DBP, diastolic blood pressure; PAC, premature atrial contractions; and SBP, systolic blood
pressure. * Adjusted for age (≥65 or <65) and baseline concentration (e.g., when change in glucose is the outcome,
models were adjusted for baseline glucose). ¥ Outlier removed. ** Ratio of geometric means.
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3.4. Effect of Magnesium Supplementation on Trial Outcomes

Table 3 presents the study outcome values at baseline and follow-up, as well as age- and baseline
value-adjusted differences in change according to intervention assignment. Spaghetti plots depicting
individual change over the intervention period are provided in Figure 2. At follow-up, the ZioPatch
average wear times were similar to the baseline, with 13.0 ± 1.8 days for the intervention group,
12.7 ± 2.3 days for the placebo group, and 92.6% assigned to magnesium and 73.3% assigned to
placebo wearing ≥12 days. For the primary outcome, log PAC burden (episodes per hour), change
over the intervention period was −0.06 (95% confidence interval (CI): −0.33, 0.20) for those randomized
to the magnesium supplement and 0.05 (95% CI: −0.23, 0.33) for those randomized to the placebo.
In the multivariable-adjusted models, there was no evidence of an intervention effect; the ratio of
geometric means was 0.94 (0.69, 1.3), p-value = 0.73. Similarly, in subgroup analyses, the effect did
not differ according to baseline magnesium concentration above versus below the median (Table 4;
p-interaction = 0.88).

Magnesium supplementation was not significantly associated with change in serum glucose
(2.4 (95% CI: −3.0, 7.7) mg/dL; p = 0.39). The lack of association remained in sensitivity analyses,
excluding one participant with extremely high baseline glucose (2.8 (95% CI: −0.9, 6.4) mg/dL) and
one participant who reported changing his/her diabetes medication status during the follow-up
(2.0 (95%: −3.6, 7.5) mg/dL). The intervention was also not significantly associated with change in
systolic or diastolic blood pressure overall (2.9 (95%: −1.4, 7.2) mmHg and −0.5 (95%: −3.5, 2.5)
mmHg, respectively) or after excluding two participants who changed their blood pressure medication
status between the baseline and follow-up visits.

In post-hoc analyses, where we additionally adjusted for sex, the results were similar.
Also, no meaningful patterns emerged in additional subgroup analyses by age category and sex.

3.5. Safety and Tolerability of the Intervention

When asked an open-ended question about adverse events, the most commonly reported
responses were related to gastrointestinal (GI) symptoms. Of the intervention group, 32% commented
on GI changes at intervention day 21, 30% at day 42, and 33% at day 80. In the placebo group 7%
commented on GI changes at intervention day 21, 4% at day 42, and 0% at day 80. When considering
unique individuals, 50% assigned to magnesium and 7% assigned to placebo commented on GI
changes at any point in the study. Specific GI comments, by intervention day, are provided in Table 5.

One person in the intervention group experienced side effects, which led the participant to
discontinue blinded study treatment.

At the end of the study, when asked to which group they were assigned, among those assigned
to the active treatment, 15% guessed magnesium supplements, 14.3% guessed placebo, and 35.7%
reported not knowing (15 participants did not respond). Of those assigned to the placebo, 4.3% guessed
magnesium supplements, 26.1% guessed placebo, and 69.6% reported not knowing (7 participants did
not respond).
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Figure 2. Spaghetti plots for change in (A) log PAC burden, (B) change in serum magnesium, (C) serum
glucose *, and (D) SBP (systolic blood pressure). * One participant had a baseline glucose concentration
of 307 mg/dL. The baseline value for this participant is outside the frame. PAC, premature atrial
contractions; and BP, blood pressure.
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Table 5. Gastrointestinal (GI)-related responses to the open-ended question, “Since starting the study,
have you experienced anything out of the ordinary?” *.

Intervention
Day #

Intervention Comment

Day #21 Magnesium Less solid stools

Magnesium
Initially, I took the pill before bed with calcium and fish oil and a blood pressure med.
It did not really make me sick, but I felt some bloating and cramping. I switched to
taking it in the am, and that works better. That was the reason for missing.

Magnesium Diarrhea

Magnesium My stools have changed in consistency and color.

Magnesium I have had some diarrhea but that could be due to my innards. They have been
unpredictable since my abdominal/colorectal surgeries.

Magnesium
After 4 pills, I quit taking them due to intestinal issues. I was in the bathroom the
third and fourth day and very crampy all day. I emailed and was told I could quit
taking them.

Magnesium The first two days, I experienced brief bouts of diarrhea about 90 min after taking the
pills. No problems since.

Magnesium Some diarrhea and gas

Placebo Sudden onset of nausea lasting about 30 s about an hour after taking the pill.

Placebo Increase in diarrhea but could be from the increase in nuts in my diet.

Day #42 Magnesium Slightly often stools

Magnesium Diarrhea

Magnesium Slight nausea, slight pain in stomach, increased flatulence

Magnesium Upset Stomach

Magnesium The initial 4 pills made me sick. Also, I am currently stressed as my (spouse) is
scheduled for (major) surgery next week.

Magnesium A little diarrhea an hour or so after taking the pill, but this only happened on the first
two days.

Magnesium Had gastrointestional issues when taking the pill.

Magnesium Loose stools, some diarrhea, and cramps after taking pill in the morning.

Placebo Diarrhea, but could be due to increased nut intake,

Day #80 Magnesium Some difficulty with digestion

Magnesium My fingernails have gotten must stronger, and my bowels were loose and
somewhat sluggish.

Magnesium I have been a lot ‘looser’ since taking the pills.

Magnesium Upset stomach

Magnesium Small bouts of diarrhea the first two days of taking the pills; nothing since.

#, number .* Some details were modified slightly to reduce the likelihood of identifying a participant. Minor spelling
and punctuation changes were made to improve clarity.

4. Discussion

In this pilot trial of 59 relatively healthy adults aged 55 and older, supplementation with 400 mg
of magnesium daily over 12 weeks was safe and well tolerated and led to a change of 0.07 mEq/L
in serum magnesium, which is substantial enough in magnitude that in a larger sample size it may
translate to health outcomes. The intervention was not associated with change in PACs, but estimates
of association had wide confidence intervals, and the study was not powered to identify important
differences. Likewise, there was no association between supplemental magnesium and changes in
glucose, systolic blood pressure, or diastolic blood pressure.

The mechanisms through which magnesium supplementation could reduce the risk of
supraventricular arrhythmias and AF are not fully understood. However, magnesium is known
to play a direct role in cardiac contractility [21]. Small studies in healthy individuals and in patients

143



Nutrients 2018, 10, 884

with cardiac disease have found that intravenous magnesium administration prolongs sinoatrial,
intra-atrial, and atrioventricular node conduction and the atrial refractory period, which in turn may
contribute to prevent the onset of AF [22–24]. Also, randomization to 148 mg of oral magnesium
(and 296 mg of potassium) intake (vs. the placebo) had antiarrhythmic effects among 232 patients with
frequent ventricular arrhythmias [25].

Blood pressure and diabetes are also established risk factors for AF [26,27], through which
magnesium may lower AF risk. In the present pilot trial, changes in blood pressure and serum
glucose did not differ significantly for those given the magnesium supplementation and those
given the placebo. This is in contrast with the existing literature; however, our study was small,
and confidence intervals around the treatment differences were wide. Meta-analyses of randomized
controlled trials have consistently demonstrated that magnesium supplementation lowers blood
pressure in a dose-dependent manner [28–30]. In the most recent meta-analysis, a median dose of
368 mg/d for a median duration of 3 months significantly reduced systolic blood pressure (BP) by
2.0 mm Hg (95% CI: 0.4, 3.6) and diastolic BP by 1.8 mm Hg (95% CI: 0.7, 2.8) [30]. Based partly on this
evidence, in November 2016, a petition was filed with the Food and Drug Administration (FDA) for a
qualified health claim for magnesium and reduced risk of high blood pressure (FDA-2016-Q-3770).
A comparable meta-analysis of RCTs, including a total of 370 patients with type 2 diabetes, found that
magnesium supplementation (median dosage 360 mg/day) reduced concentrations of fasting blood
glucose (−10.1 mg/dL, 95% CI −19.8, −0.2) over a median intervention duration of 13 weeks [31].
These meta-analyses suggest that magnesium is causally related to hypertension and abnormal glucose
homeostasis. However, their interpretation is complicated by the fact that the individual studies
included in the meta-analyses were highly heterogeneous in terms of magnesium formulation and
dosage and participant characteristics.

In terms of serum magnesium, the intervention of 400 mg of magnesium oxide daily was
associated with a serum increase of 0.07 mEq/L. This finding is concordant with results from a
meta-analysis of the effect of magnesium supplementation dosage on serum magnesium response.
In the meta-analysis the median dose was 360 mg of magnesium/day, the intervention length
was 12 weeks, and the response was 0.08 mEq/L [32]. In the meta-analysis there was evidence
of an inverse relationship between the baseline magnesium concentration and responsiveness to the
supplementation. A similar phenomenon was not observed in the present trial; however, in our
sample, the baseline magnesium concentrations were quite high, and power was exceedingly low for
subgroup comparisons.

The results from this study provide additional evidence about compliance with magnesium
supplementation at the dosage of 400 mg of magnesium daily, as well as safety and tolerability.
Among the participants randomized to magnesium, only 1 out of 29 participants (3.5%) ceased the
intervention due to side effects. The compliance in this study was good, at 75% in the intervention
group and 83% in the placebo group, according to pill counts. The low drop-out rate and high
compliance provides support for the tolerability of this dosage. However, the fact that 50% in the
intervention group commented on GI changes at some point in the follow-up should not be dismissed.
Unfortunately, given the way side effects were assessed, it is not possible to quantify the severity of the
GI complaints. Notably, several individuals only commented about GI changes in the first few days
after taking the study treatment.

The primary limitation of this study is the small size, which led to an imbalance of some key
potential confounding factors, such as sex. Among those randomized to magnesium, 86.2% were
female, whereas among those randomized to the placebo, 60.0% were female. This is important,
because AF risk is known to be greater among men [3]. However, the findings were similar in post-hoc
sensitivity analyses where we adjusted for sex. An additional consideration is that the baseline serum
concentrations of the trial participants were quite high; it is unclear how serum magnesium would
have changed in a context of low baseline magnesium concentrations or how that may translate to
change in other physiologic outcomes. Lastly, we assessed tolerability with a simple open-ended
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question, not a checklist of specific signs and symptoms graded for severity according to a standard
toxicity table.

5. Conclusions

In sum, this small pilot double-blinded randomized controlled trial of supplementation with
400 mg of magnesium daily provides evidence to support the safety and tolerability of this intervention
and for adherence to the ZioPatch heart rhythm monitoring device. Despite our study population being
largely magnesium replete, a change in serum magnesium was observed. Magnesium supplementation
was not associated with change in PACs, glucose, or blood pressure; however, this small pilot study was
short-term and not powered to identify small-to-moderate clinically relevant differences. The results of
this pilot study will guide the design of a larger trial to evaluate the effect of supplemental magnesium
on arrhythmias.
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Abstract: Introduction: Magnesium is an essential mineral involved in a range of key biochemical
pathways. Several magnesium supplements are present on the market and their degree of bioavailability
differs depending on the form of magnesium salt used. Aquamin-Mg is a natural source of magnesium,
containing 72 additional trace minerals derived from the clean waters off the Irish coast. However,
the in vitro bioaccessibility and bioavailability of Aquamin-Mg in comparison with other supplement
sources of magnesium has yet to be tested. Method: Aquamin-Mg, magnesium chloride (MgCl2) and
magnesium oxide (MgO) were subjected to gastrointestinal digestion according to the harmonized
INFOGEST in vitro digestion method and in vitro bioavailability tested using the Caco-2 cell model.
Magnesium concentration was measured by atomic absorption spectrophotometry (AAS). Results:

Magnesium recovery from both Aquamin-Mg and MgCl2 was greater than for MgO. Magnesium
from all three sources was transported across the epithelial monolayer with Aquamin-Mg displaying
a comparable profile to the more bioavailable MgCl2. Conclusions: Our data support that magnesium
derived from a marine-derived multimineral product is bioavailable to a significantly greater degree
than MgO and displays a similar profile to the more bioavailable MgCl2 and may offer additional
health benefits given its multimineral profile.

Keywords: Aquamin; multimineral supplement; magnesium bioavailability

1. Introduction

Magnesium is an essential mineral for the human body and is involved in a wide range of crucial
physiological processes [1]. Magnesium can be obtained from the diet, being naturally present in foods
such as green leafy vegetables, seeds, beans, whole grains, fish and nuts, amongst others. However,
dietary magnesium intake has been shown to be insufficient in the Western population due to industrial
food processing that reduces the nutrient contents including magnesium, as well as changes in dietary
habits [2]. Deficiency in magnesium dietary intake may lead to hypomagnesemia which has been
associated with several disorders including diabetes, osteoporosis and cardiovascular disease [3–5].
Early symptoms of hypomagnesemia are non-specific and include loss of appetite, nausea, vomiting,
lethargy, fatigue and weakness with more pronounced hypomagnesemia characterised by increased
neuromuscular excitability including muscle cramps, tremor, tetany and generalized seizures [6].

The market currently offers various supplement preparations to reach the recommended magnesium
daily intake. These supplements differ in the type of magnesium salt used which can be either organic
(i.e., magnesium citrate and magnesium aspartate) or inorganic (i.e., MgO and MgCl2), their dosage
and bioavailability. For example, magnesium from MgCl2 has high bioavailability equivalent to organic
magnesium supplements such as magnesium lactate and aspartate [7]. Moreover, these three sources
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of magnesium have significantly greater bioavailability than MgO [7]. Magnesium derived from
magnesium hydroxide (Mg(OH)2) (Mablet) has been shown to be absorbed into the circulation and,
hence, bioavailable in healthy male adults [8]. In a previous study, the bioavailability of magnesium from
formulations containing different combinations of magnesium salts displayed similar bioavailability,
however the daily dose of magnesium differed [9].

Aquamin-Mg is a natural source of magnesium in the form of Mg(OH)2 derived from the clean
waters off the Irish coast. In addition to magnesium, Aquamin-Mg also contains 72 additional trace
minerals (Marigot Ltd., Cork, Ireland, Table 1) with the same profile of Lithothamnion Aquamin which
has previously been shown to be a highly bioavailable source of calcium [10].

Here we describe for the first time the in vitro bioaccessibility and bioavailability of Aquamin-Mg
in comparison with two commercially available sources of magnesium, MgCl2 and MgO.

Table 1. Mineral composition of Aquamin-Mg. (ppm, parts per million).

Mineral ppm Mineral ppm

Aluminum 461 Molybdenum 1.78
Antimony <0.5 Neodymium 2.810

Arsenic 1.811 Nickel <0.5
Barium 1.83 Niobium <0.5

Beryllium <0.5 Osmium 0.002
Bismuth <0.5 Palladium 0.301

Boron 186 Phosphorus 117
Cadmium 0.394 Platinum 0.002
Calcium 23,000 Potassium 88.21
Carbon 10,100 Praseodymium 0.697
Cerium 3.411 Rhenium 0.001
Cesium 0.008 Rhodium 0.010

Chloride 613.4 Rubidium 0.063
Chromium 5.83 Ruthenium 0.135

Cobalt <0.5 Samarium 0.576
Copper 5.09 Scandium 1.050

Dysprosium 0.829 Selenium <0.5
Erbium 0.613 Silicon 657

Europium 0.197 Silver <0.5
Fluoride 1.1 Sodium 1467

Gadolinium 0.770 Strontium 84.7
Gallium 0.163 Sulfur 3335

Germanium 0.020 Tantalum 0.016
Gold <0.5 Tellurium <0.5

Hafnium 0.046 Terbium 0.140
Holmium 0.194 Thallium <0.5

Indium <0.001 Thorium 0.860
Iodine 9.1 Thulium 0.081

Iridium 0.002 Tin 0.179
Iron 1213 Titanium 18.5

Lanthanum 1.01 Tungsten 2.08
Lead 0.604 Vanadium 16.0

Lithium <0.5 Ytterbium 0.498
Lutetium 0.116 Yttrium 7.38

Magnesium 404,400 Zinc 2.37
Manganese 486 Zirconium <0.5

Mercury 0.009
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2. Methods

2.1. Harmonized INFOGEST in Vitro Digestion Protocol

To determine biaccessibility, the amount of magnesium subjected to digestion for each compound
was calculated according to the recommended dietary allowance for men (RDA, 420 mg/day). 5.6 mg
of magnesium from Aquamin-Mg, MgCl2 and MgO were digested according to the harmonized
INFOGEST in vitro digestion method published by Minekus and colleagues [11]. Four to five
independent digestions were carried out for each compound (Aquamin-Mg, MgCl2 and MgO).
Aquamin-Mg, MgCl2 and MgO were exposed to simulated gastric fluid (composition: 6.9 mM KCl,
0.9 mM KH2PO4, 25 mM NaHCO3, 47.2 mM NaCl, 0.1 mM MgCl2(H2O)6, 0.5 mM (NH4)2CO3).
Pepsin and calcium chloride were added to the mixture to achieve a final concentration of 2000 U/mL
and 0.075 mM respectively. Hydrochloric acid (HCl, 6 M) was then used to acidify the mixture to pH 3
and water was added to reach a final volume of 20 mL. Samples were then incubated in a stirring
water bath at 37 ◦C and 95 rpm for 2 h. The pH was checked after 1 hour and adjusted if necessary.
The simulated intestinal fluid (composition: 6.8 mM KCl, 0.8 mM KH2PO4, 85 mM NaHCO3, 38.4 mM
NaCl, 0.33 mM MgCl2(H2O)6) was then added together with pancreatin (the concentration was based
on trypsin activity, 100 U/mL) and bile salts for a final concentration of 10 mM. Calcium chloride was
also added to achieve a final concentration of 0.3 mM. Sodium hydroxide (NaOH, 1 M) was used to
bring the pH to 7 and the necessary amount of water added to reach a final volume of 20 mL. Samples
were incubated in a stirring water bath at 37 ◦C and 95 rpm for 2 h. The pH was checked after one
hour and adjusted if necessary. A control sample containing all reagents included in the digestion
protocol except the experimental powders was also subjected to the procedure. Upon completion of the
incubation period, aliquots (1 mL) of each sample were frozen in liquid nitrogen. Prior to the analysis,
one sample from each treatment was filtered using 0.2 μm cell culture sterile filters. The amount of
magnesium recovered from these samples was then compared to non-filtered samples.

2.2. Caco-2 Cell Bioavailability Assay

Caco-2 cells are human epithelial colorectal adenocarcinoma cells that, upon differentiation,
express numerous morphological and biochemical characteristics of small intestinal enterocytes.
This in vitro model is widely used to study mineral bioavailability from different sources and their
transport mechanisms [12].

For Caco-2 bioavailability experiments 60 mg of magnesium derived from Aquamin-Mg, MgCl2
and MgO were subjected to the harmonized INFOGEST in vitro digestion protocol described above
(data not shown), and unfiltered samples were used. 60 mg of magnesium was chosen in order to ensure
that sufficient concentrations of magnesium could be achieved to perform the Caco-2 experiments.
Three independent digestions were carried out for each compound (Aquamin-Mg, MgCl2 and MgO)
and these were subsequently used in the Caco-2 bioavailability assay. Caco-2 cells (supplied by the
European Collection of Authenticated Cell Cultures (ECACC)) were cultured in Dulbecco’s modified
eagle’s medium (DMEM) supplemented with 1% non-essential amino acids and 10% foetal bovine
serum (FBS) and were stored in a humidified incubator at 37 ◦C and 5% CO2. For all experiments,
cells were seeded at a density of 1 × 105 cells/mL on 6-well Transwell plates with inserts of 24 mm
diameter and differentiated for 21 days. Media was changed every other day.

2.3. Bioavailability of Magnesium from Aquamin-Mg, MgCl2 and MgO Using Caco-2 Cells

On the day of the experiment, media was removed from all wells and 1 mL of fresh media was
added to the luminal side and 2 mL to the basolateral side of each well. Transepithelial electrical
resistance (TEER) was measured to confirm the integrity of the epithelial monolayer. Cells were
then incubated with either Aquamin-Mg, MgCl2- or MgO-derived magnesium in the luminal side
(concentrations of 25, 50, 100 and 150 μg/mL) for 2 h at 37 ◦C. Samples from each independent
digestion were used in a corresponding independent bioavailability study which was conducted in
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triplicate. Two controls were included in the assay, a blank sample, only containing media, and a digest
sample, containing all reagents included in the digestion protocol except the experimental powders.
At the end of the incubation time, TEER values were recorded again to ensure that the treatments did
not have any effect on the integrity of the monolayer. Luminal and basolateral samples were collected
and stored at 4 ◦C. Magnesium concentration of luminal and basolateral samples was measured
by atomic absorption spectrophotometry (AAS). Three independent experiments were carried out.
Each treatment was randomly assigned and was performed in duplicate.

2.4. Atomic Absorption Spectrophotometry (AAS)

The magnesium content of the digested samples, as well as luminal and basolateral samples was
determined by AAS. Samples were diluted in Milli-Q water prior to analysis. Lanthanum chloride
(0.1%) was also added to eliminate any phosphate interferences. A commercially available magnesium
standard (Spectrosol from BDH Chemicals Ltd., Dublin, Ireland) was used. Standard solutions were
prepared using Milli-Q water containing lanthanum chloride (0.1%) and ranged from 0 to 1 mg/L.

2.5. Statistical Analyses

Data are expressed as mean ± standard error of the mean (SEM). Statistical analysis was carried
out using the Kruskal–Wallis test, followed by Dunn’s multiple comparison test for the digestion study.
For the bioavailability study, we calculated the residuals of the data to determine whether there were
outliers and statistical analysis was performed using one-way analysis of variance (ANOVA) followed
by Bonferroni post-hoc test. Values of p < 0.05 were considered statistically significant.

3. Results

3.1. Magnesium Recovery from Aquamin-Mg, MgCl2 and MgO Following In Vitro Digestion

Aquamin-Mg-derived magnesium, showed an in vitro bioaccessibility more similar to highly
soluble alternative such as MgCl2 than to MgO (Aquamin-Mg, 122.6 ± 4.1 μg/mL, n = 5; MgCl2,
115.4 ± 6.0 μg/mL, n = 4; MgO, 73.39 ± 10.20 μg/mL, n = 4; in unfiltered samples), which is characterised
by low solubility (Figure 1, p < 0.05 Aquamin-Mg vs. MgO). To determine whether magnesium was lost
during filtration for the Caco-2 cell culture experiments, magnesium concentration in filtered samples was
also determined and these were lower for all the treatments relative to unfiltered samples (Aquamin-Mg,
99.3 ± 6.2 μg/mL, n = 5; MgCl2, 92.2 ± 5.6 μg/mL, n = 4; MgO, 64.5 ± 9.3 μg/mL in filtered samples).

Figure 1. Magnesium recovery from Aquamin-Mg, MgCl2 and MgO following in vitro digestion.
The percentage of magnesium recovery from Aquamin-Mg was significantly higher than MgO (* p < 0.5,
n = 4–5) in unfiltered samples.
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3.2. Transepithelial Electrical Resistance (TEER)

As an indicator of cell viability we measured TEER at the start of each experiment and after
treatment. The results from the transepithelial resistance measurements confirmed that after 21 days
of culture, Caco-2 cells formed an integral monolayer. Moreover, none of the treatments, at any
concentration tested, affected epithelial integrity following 2 h incubation at 37 ◦C (Figure 2).

Figure 2. Transepithelial electrical resistance in Caco-2 cells following treatment with Aquamin-Mg,
MgCl2 and MgO. At time zero (T0) cells were differentiated in an integral monolayer. Transepithelial
electrical resistance (TEER) values confirmed that the treatments did not compromise the integrity of
the monolayer at any of the concentrations tested following 2 h incubation (T2h) (n = 3).

3.3. Bioavailability of Magnesium from Aquamin-Mg, MgCl2 and MgO Using the Caco-2 Cell Model

Digestates were added to the luminal compartment. The reduced amount of magnesium from
MgO is reflective of the reduced bioaccessibility (Figure 3a). These results are in accordance with the
in vitro digestion data (60 mg; data not shown). When the concentration of magnesium was measured
in the basolateral chamber, magnesium derived from Aquamin-Mg and MgCl2 showed the same
degree of bioavailability at all the concentrations tested, while only a small amount of magnesium from
MgO was transported across the epithelium and thus bioavailable. Both Aquamin-Mg and MgCl2 were
significantly more bioavailable than MgO at the highest concentration tested (150 μg/mL) (Figure 3b,
Table 2).
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Figure 3. Bioavailability of magnesium from Aquamin-Mg, MgCl2 and MgO using Caco-2 cells.
(a) Magnesium derived from Aquamin-Mg, MgCl2 and MgO applied into the luminal side. Following
in vitro digestion, the amount of bioaccessible magnesium was significantly higher for Aquamin-Mg
and MgCl2 compared to MgO (*** p < 0.001 for Aquamin-Mg vs. MgO at 25 μg/mL, **** p < 0.0001 for
MgCl2 vs. MgO at 25 μg/mL and **** p < 0.0001 for Aquamin-Mg and MgCl2 vs. MgO at 50, 100 and
150 μg/mL, n = 3); (b) Magnesium derived from Aquamin-Mg, MgCl2 and MgO measured in the
basolateral side after 2 h incubation at 37 ◦C. At the highest concentration tested, magnesium from
Aquamin-Mg and MgCl2 was significantly more bioavailable than MgO (** p < 0.01 for Aquamin-Mg
and MgCl2 vs. MgO at 150 μg/mL, n = 3).

Table 2. Magnesium derived from Aquamin-Mg, MgCl2 and MgO measured in the basolateral side
after 2 h incubation at 37 ◦C expressed as μg/mL (n = 3).

Magnesium Source
Sample Concentration

(μg/mL)
Basolateral Side μg/mL

Mean ± Standard Error of the Mean (SEM)

Aquamin-Mg

25 0.37 ± 0.17
50 0.44 ± 0.16
100 0.69 ± 0.16
150 0.89 ± 0.17

MgCl2

25 0.14 ± 0.06
50 0.33 ± 0.13
100 0.51 ± 0.09
150 0.86 ± 0.13

MgO

25 0.05 ± 0.03
50 0.08 ± 0.02
100 0.25 ± 0.01
150 0.10 ± 0.05
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4. Discussion

The aim of these studies was to examine the bioaccessibility and bioavailability of magnesium
from Aquamin-Mg compared to MgCl2 and MgO using the Caco-2 cell model. In this model both
active saturated and passive non-saturated pathways have been previously identified for magnesium
transport [13]. The study from Thongon and Krishnamrain has indeed shown that in Caco-2 monolayers,
magnesium transported from the apical to the basolateral side (representing magnesium absorption)
against magnesium in the apical solution (representing magnesium concentration) was curvilinear as
previously shown in humans [13,14]. Furthermore, the same study has shown that treatment with
omeprazole selectively inhibited the non-saturable passive component, without affecting the saturable
active component of magnesium transport which was abolished using the Transient Receptor Potential
Cation Channel Subfamily M Member 6 (TRPM6) inhibitor Ruthenium Red (RR) [13]. This evidence
shows that magnesium can be transported through both a paracellular and a transcellular pathway
and that the Caco-2 monolayer is a suitable in vitro model of intestinal magnesium absorption. In the
context of our findings, however, we cannot comment on which pathway was responsible for the apical
to basolateral transport of magnesium and further research is warranted in order to elucidate these
mechanisms. Our results show for the first-time, however, direct evidence that Aquamin-Mg-derived
magnesium is highly bioaccessible following in vitro digestion and magnesium is transported across
the intestinal epithelium in this well-established in vitro model. Moreover, the degree of bioaccessbility
and bioavailability of Aquamin-Mg was comparable to MgCl2 while being superior to MgO.

MgCl2 and MgO represent a high bioavailable and low bioavailable source of magnesium
respectively, and our in vitro data are in keeping with in vivo data demonstrating that the mean
urinary excretion of magnesium in healthy volunteers was significantly higher for MgCl2 than MgO [7].
Interestingly, in this study, MgCl2 bioavailability was comparable to that of organic magnesium forms
such as magnesium aspartate and magnesium lactate [7].

Magnesium in Aquamin-Mg is in the form of Mg(OH)2. However, as well as magnesium,
Aquamin-Mg also provides 72 additional trace minerals all derived from sea water (Marigot Ltd.,
Cork, Ireland, Table 1). In support of Mg(OH)2 as a magnesium supplement, the pharmacokinetic
profile of a single oral dose of Mg(OH)2 in healthy male adults showed that the bioavailability of
magnesium from Mg(OH)2 was 15% [8]. Moreover, none of the participants recruited reported any side
effect following supplementation suggesting that Mg(OH)2 may be a clinically relevant option for oral
magnesium supplementation [8]. In a second human study the degree of bioavailability of Mg(OH)2

was compared to other sources of magnesium, including MgCl2 measured as urinary elimination of
magnesium [9]. In this study it was found that Mg(OH)2 was required at a higher dose to reach the
same level of bioavailability [9].

The solubility of magnesium in the gastrointestinal tract plays a key role in magnesium absorption.
Our bioaccessiblity results demonstrate that magnesium from Aquamin-Mg is soluble as MgCl2
and hence potentially available for absorption. Our bioavailability data support that Mg(OH)2,
derived from Aquamin-Mg, displays a similar profile and transport characteristics as magnesium
derived from MgCl2 at the same concentrations, suggesting that Aquamin-Mg represents a source of
magnesium coupled with potential health benefits of a multimineral supplement. Currently, however,
as Aquamin-Mg is not formulated as an oral supplement (tablets and capsules), further comparisons
with other formulated magnesium supplements were not possible.

Moreover, Aquamin-Mg is composed of multiple minerals and whether these affect its bioaccessibility
or bioavailability is difficult to determine.

5. Conclusions

In conclusion, our data suggests that Aquamin-Mg-derived magnesium is bioaccessible and
bioavailable to a significantly greater degree than magnesium oxide while displaying a comparable
profile to magnesium chloride. Nonetheless, our in vitro results are qualitatively consistent with
the clinical study from Firoz and Graber showing that magnesium from MgCl2 has significantly
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greater bioavailability than MgO. Further research is warranted to investigate the bioaccessibility and
bioavailability of Aquamin-Mg in clinical studies.
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Abstract: Animal studies using tests and models have demonstrated that magnesium exerts an
antidepressant effect. The literature contains few studies in humans involving attempts to augment
antidepressant therapy with magnesium ions. The purpose of our study was to assess the efficacy and
safety of antidepressant treatment, in combination with magnesium ions. A total of 37 participants
with recurrent depressive disorder who developed a depressive episode were included in this study.
As part of this double-blind study, treatment with the antidepressant fluoxetine was accompanied
with either magnesium ions (120 mg/day as magnesium aspartate) or placebo. During an 8-week
treatment period, each patient was monitored for any clinical abnormalities. Moreover, serum
fluoxetine and magnesium levels were measured, and pharmaco-electroencephalography was
performed. The fluoxetine + magnesium and fluoxetine + placebo groups showed no significant
differences in either Hamilton Depression Rating Scale (HDRS) scores or serum magnesium levels
at any stage of treatment. Multivariate statistical analysis of the whole investigated group showed
that the following parameters increased the odds of effective treatment: lower baseline HDRS
scores, female gender, smoking, and treatment augmentation with magnesium. The parameters
that increased the odds of remission were lower baseline HDRS scores, shorter history of disease,
the presence of antidepressant-induced changes in the pharmaco-EEG profile at 6 h after treatment,
and the fact of receiving treatment augmented with magnesium ions. The limitation of this study is
a small sample size.

Keywords: unipolar depression; magnesium; pharmaco-electroencephalography; efficacy; remission

1. Introduction

According to the recent data from the World Health Organization, depression affects over
300 million people worldwide. By 2030, recurrent unipolar depressive disorders are projected to become

Nutrients 2018, 10, 1014; doi:10.3390/nu10081014 www.mdpi.com/journal/nutrients157
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the leading cause of the burden of disease worldwide, as calculated on the basis of Disability-Adjusted
Life Years (DALYs) [1].

Despite having been studied for years, the etiology of depression is yet to be fully understood.
More and more animal and clinical studies have suggested a role of the N-methyl-D-aspartate
(NMDA) receptor complex and NMDA-mediated excitatory amino acid neurotransmission both
in the pathophysiology and treatment of depression [2–5]. This concept seems to be confirmed by
evidence of glutamate system abnormalities detected in the blood [6], cerebrospinal fluid [7], and brain
tissue [8] of patients with depressive disorders. Modifying glutamatergic transmission by means of
NMDA receptors is currently a promising target of antidepressant treatment [9].

The NMDA receptor complex is modified by multiple ligand binding sites. Recent years saw
a number of experimental studies that confirmed an antidepressant effect of various NMDA receptor
antagonists, such as ketamine, memantine, dextromethorphan, or MK-0657 [9]. However, the risk of
severe side effects limits the use of these agents as antidepressant drugs [10].

One of the natural, inorganic modulators of the NMDA receptor complex are magnesium ions.
They inhibit voltage-gated NMDA receptor channels at the same time inhibiting the flow of calcium
ions. Moreover, they increase the expression of the GluN2B subunit of the NMDA receptor complex [11].
In the hippocampus, low magnesium levels in combination with high calcium and glutamate levels
are believed to potentially cause functional changes in synapses, leading to the development of mood
disorders, including depression [11,12]. There are several mechanisms responsible for antidepressant
effects of magnesium. Apart from their direct NMDA-receptor antagonism, magnesium ions interact
with other factors crucial in depression pathophysiology. Magnesium ions suppress hippocampal
kindling and modulate protein kinase C [13]. Moreover, they affect P-glycoprotein (a protein
responsible for blood-brain barrier permeability to glucocorticoids and other molecules), which alters
the hypothalamic-pituitary-adrenal axis and damages the hippocampus [14]. Magnesium also plays
a role in serotoninergic, noradrenergic, and dopaminergic neurotransmission [15] and it has an
anti-inflammatory effect [16], which additionally increases its antidepressant potential.

Antidepressant properties of magnesium have been demonstrated in animal preclinical screen tests
and models. Magnesium salts are active in the forced swim test (FST) as well as in olfactory bulbectomy
and chronic mild stress models [17–20]. Furthermore, this bio-metal enhances antidepressant activity of
standard antidepressants in the FST [15,21,22]. On the other hand, magnesium deficiency (induced by
low-magnesium diet in laboratory animals) is related to depression-like behavior [23].

Multiple studies have demonstrated a relationship between depressive disorders and magnesium
intake [24–27]. However, the data on the changes in magnesium levels in patients with depression
are inconclusive. Some authors showed a positive correlation between magnesium levels and
depression [28], whereas others showed a negative correlation [29]. Similar discrepancies were
observed in the case of the severity of depression symptoms [30]. Nonetheless, Camardese et al.
concluded that serum magnesium levels correlate with the response to treatment [31].

We would like to emphasize that the main goal in the treatment of a depressive episode is first to
achieve a full therapeutic response and remission, followed by recurrence prevention, and ensuring
the patient’s return to normal functioning [32]. One of the major problems in treating depression is
the effectiveness of therapy. Some patients fail to achieve a satisfactory response to treatment. Initial
antidepressant treatment, with adequate dosing and treatment duration, leads to remission only in 50%
of patients [33]. Moreover, 20–30% of patients achieve incomplete remission, with some depressive
symptoms persisting for a long time. Another therapeutic problem is a delay in therapeutic effects.
All currently approved monoaminergic antidepressants exhibit latency in the therapeutic response,
which considerably increases the risk of suicide and self-harm. Thus, there are unceasing attempts to
potentiate and speed up the therapeutic effect [32].

Due to the limited effectiveness of antidepressant treatment, there is a great need for developing
novel, satisfactory therapies. To date, there have been few clinical studies on magnesium supplementation
in depressive disorders, and their findings have been inconclusive [34–36]. Therefore, the purpose

158



Nutrients 2018, 10, 1014

of our study was to assess the efficacy and safety of antidepressant treatment accompanied with
magnesium supplements.

2. Materials and Methods

Our 8-week study included 37 patients (admitted either to the Department of Psychiatry, Medical
University of Warsaw or to Nowowiejski Hospital in Warsaw) who met the inclusion criterion of
an ICD-10-codable depressive episode or major depression as defined in DSM-IV. The exclusion
criteria were delusional disorders, organic disorders, high risk of suicide requiring electroconvulsive
therapy, absolute contraindications for selective serotonin re-uptake inhibitors (SSRIs), absolute
contraindications for magnesium ions, alcohol and substance abuse, and baseline pharmaco-EEG
abnormalities. Patients with severe depression (more than 19 points in the HDRS) were included in
the study. Patients were recruited without age or gender restrictions—adults over 18 years old.

All patients received fluoxetine at a daily dose of 20–40 mg. This standard treatment was
augmented, in a double-blind manner, with either placebo or magnesium. The magnesium supplements
used in this study were 40-mg magnesium effervescent tablets or powder containing 40 mg of
magnesium (equivalent to 3.30 mEq of magnesium aspartate) administered 3 times per day.

The study was conducted in accordance with the Declaration of Helsinki. The protocol was
approved by the Institutional Review Board and Bioethics Committee at the Medical University
of Warsaw (KB/96/2006; KB/227/2012). All participants gave informed written consent prior to
participating in this study.

Study participants were recruited based on baseline assessments, which included a physical
examination (conducted by the same psychiatrist as those conducted later, throughout the study),
psychometric scale score, and pharmaco-electroencephalography. Individuals who qualified to take
part in the study underwent a one-week wash-out period (except in cases of previous SSRI treatment,
where wash-out was extended to 6 weeks).

All study group patients were examined by the same physician at pre-defined time points: prior
to treatment initiation (time 0), 6 h after the first dose of the drug (maximum serum concentration of the
drug), and subsequently at 24 h, 2 weeks, 4 weeks, 6 weeks, and 8 weeks after treatment initiation [37].

The psychometric scales used in this study were the 21-item Hamilton Depression Rating
Scale (HDRS), Hamilton Anxiety Rating Scale (HARS), and Clinical Global Impression Scale (CGIS).
Treatment was considered effective when there was a 50% reduction in the baseline HDRS score.
The cut-off HDRS score that defined remission was 6 or less [38].

The presence and severity of side effects were assessed based on history-taking, changes in Side
Effect Rating Scale (SERS) scores as compared to baseline, and laboratory assessments, which were
conducted at the same time as psychometric assessments. Any drugs that could affect the levels of
the antidepressant were avoided during the study. When necessary, zopiclone (7.5 mg) or zolpidem
(10 mg) was allowed every other day.

A high-performance liquid chromatography (HPLC) system (Shimadzu Corporation, Analytical
Instruments Division, Kyoto, Japan) was used in this study to measure serum fluoxetine (FLU) and
norfluoxetine (NFLU) levels. The measurement method was based on the reports by El-Yazigi and
Raines [39], Aymard [40], Meineke [41], and Komorowska [42].

The following therapeutic ranges were adopted [42,43]: fluoxetine 50–450 ng/mL, norfluoxetine
50–350 ng/mL, fluoxetine and norfluoxetine 50–550 ng/mL. Serum fluoxetine levels were measured
at the Psychopharmacology Laboratory of the Department of Psychiatry, WUM. Serum magnesium
levels were measured by ALAB Laboratories and analyzed with the use of Hulanicki’s method [44].
The established ALAB reference range for serum magnesium levels (1.7–2.5 mg/dL) was adopted for
this study. This was a double-blind study—with the principal investigator blinded to the magnesium
levels in individual participants before study completion, as the laboratory reported only abnormalities
in magnesium levels.
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Pharmaco-EEG examinations were conducted prior to, and 6 and 24 h after, treatment initiation,
and then at 2, 4, 6, and 8 weeks of treatment. The electroencephalograph used in this study was
DigiTrack, version DTW (Elmico). Subsequently, EEG relative power spectra were calculated with
NeuroGuide software using the fast Fourier transformation (FFT) algorithm. Adopting a 0.5-Hz
resolution, we calculated the power spectra in delta (1.5–5.0 Hz), theta (5.5–8.0 Hz), alpha 1 (8.5–10.0 Hz),
alpha 2 (10.5–12.0 Hz), beta 1 (12.5–18.5 Hz), beta 2 (19.0–20.5 Hz), and beta 3 (21.0–29.5 Hz) frequency
bands. Arranged chronologically, t-test values for the individual bands formed a profile of EEG power
spectrum changes over the treatment period.

Each of the graphs was classified by an expert, based on the presence or absence of an
antidepressant-induced pharmaco-EEG profile. The following pharmaco-EEG profile, typical for
tricyclic antidepressants (TCAs), was considered positive in fluoxetine-treated patients: an increase in
high frequency beta waves (beta 3) [37,45,46].

All EEG examinations were performed at the Clinical Electroencephalography and
Neurophysiology Laboratory of the Department of Psychiatry, WUM.

In the statistical analysis of our results, the Wilcoxon Rank-Sum Test for independent samples
was used for the comparison of groups. Moreover, we used descriptive statistics and multivariate
logistic regression models (GLIMMIX procedure), which allowed us to assess the odds ratios for an
ineffective treatment and lack of remission with respect to each of the evaluated factors. The level of
statistical significance was set at p < 0.05. All calculations were conducted with SAS 14.1.

3. Results

Seventeen (11 women [65%] and 6 men [35%]) out of the 37 participants included in the study
received fluoxetine and magnesium, whereas 20 (10 women [50%] and 10 men [50%]) received fluoxetine
and placebo. The mean age in the magnesium group (n = 17, group I) was 48.1 ± 15.5 years; the median
age was 50 years; the age range was from 23 to 71 years, with 5 participants (29%) 60 years old or
older. Body weight in this group ranged from 50.0 to 110.0 kg, with the mean of 71.2 ± 15.0 kg and
median 70.0 kg. The mean height was 169.9 ± 10.0 cm (with the median of 168.0 cm and range of
158.0–192.0 cm). Mean disease duration at baseline was 5.6 ± 5.8 years (with the median of 4.0 years
and range of 0.3–20.0 years). The mean age in the placebo group (n = 20, group II) was 49.7 ± 12.3 years;
the median age was 52 years; the age range was from 24 to 65 years, with 6 participants (30%) 60 years old
or older. The mean body weight in this group was 76.2 ± 16.1 kg (median 75.0 kg, range 48.0–112.0 kg).
The mean height in this group was 171.9 ± 7.7 cm (median 173.5 cm, range 156.0–187.0 cm). Mean
disease duration at baseline was 3.8 ± 4.5 years (median 2.0 years, range 0.4–16.0 years).

In group I, 10 participants (60%) were hospitalized once, 4 participants (23.5%) were hospitalized
twice, one participant (5.9%) was hospitalized 3 times, one (5.9%) 4 times, and one participant (5.9%)
was hospitalized more than 5 times. In group II, 15 participants (75.0%) were hospitalized once,
4 participants (20.0%) were hospitalized 2 times, one participant (5.0%) was hospitalized 5 times,
and there were no participants hospitalized more than 5 times.

There were 2 non-smokers (11.8%) and 15 smokers (88.2%) in group I. The mean BMI in this group
was 24.6 kg/m2 (median 24.2 kg/m2, range 19.1–35.5 kg/m2). There were 5 non-smokers (25.0%) and
15 smokers (75.0%) in group II. The mean BMI in this group was 25.8 kg/m2 (median 24.8 kg/m2,
range 17.6–37.4 kg/m2).

Prior to treatment initiation, the mean HDRS score in group I (fluoxetine and magnesium) was
30.5 ± 6.0 (median 29; range 21–44) (Table 1). Other scales used in this study yielded the following
scores prior to treatment initiation: HARS (mean score 20.1 ± 4.8, median 19, range 13–28), CGI
(mean score 2.9 ± 0.7, median 3, range 2–4), and SERS (mean score 10.5 ± 3.4, median 10, range 6–18).
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Table 1. Effect of magnesium or placebo supplementation on Hamilton Depression Rating Scale (HDRS)
scores in patients treated with fluoxetine.

Group I: Magnesium Group II: Placebo

Variable N Mean SD Med Min Max N Mean SD Med Min Max p-Value

HDRS_0 17 30.5 6 29 21 44 20 27.5 5.5 28 18 38 0.1120
HDRS_6H 17 30.4 5.8 29 21 43 20 27.5 5.5 28 18 38 0.1197
HDRS_24H 17 30.4 5.8 29 21 43 20 27.4 5.4 28 18 38 0.1059
HDRS_2W 17 24.5 5.6 24 13 36 20 21.8 7.5 23 9 36 0.2237
HDRS_4W 17 18.5 5.9 17 10 31 17 17.2 6.4 17 5 28 0.5605
HDRS_6W 17 14.6 6.9 13 5 29 16 13.4 6.6 14 2 28 0.6100
HDRS_8W 17 10.7 7.9 8 1 29 15 10.4 6.8 10 1 28 0.9080

N—number of patients; SD—standard deviation; Med—Median; Min—minimum; Max—maximum HDRS:
Hamilton Depression Rating Scale; HDRS_0—scores before treatment; H—hours; W—week. The Wilcoxon
Rank-Sum Test for independent samples was used for the comparison of groups.

Prior to treatment initiation, the mean HDRS score in group II (fluoxetine and placebo) was
27.5 ± 5.5 (median 28; range 18–38) (Table 1). Other scales yielded the following scores at baseline:
HARS scores: mean 18.5 ± 3.8, median 19, range 8–25; CGI scores: mean 3.1 ± 0.7, median 3, range
2–5; SERS scores: mean 11.3 ± 3.5, median 11, range 5–20.

There were no differences between groups at each examined time points in either HDRS (Table 1)
or in CGI, HARS, and SERS scores (data not shown).

After 8 weeks of treatment, there was a 50% improvement in HDRS scores in 15 participants (88%)
from group I and in 11 participants (73%) from group II. There was no significant difference between
the groups in terms of treatment efficacy.

Remission, which had been pre-defined as HDRS score reduction to 6 points or less, was achieved
in 6 participants (35%) from group I and in 4 participants (27%) from group II. There was no significant
difference between the groups in terms of remission rates.

The two study groups (I and II) showed no significant differences in terms of HDRS score changes
during treatment (Figure 1). The two study groups (I and II) showed no significant differences in terms
of serum magnesium levels during treatment (Figure 2).

Figure 1. Hamilton Depression Rating Scale (HDRS) scores over time—the measured data and trend.
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Figure 2. Serum magnesium levels over time—the measured data and trend.

Models of multivariate analysis were used to calculate odds ratios for both remission (model 1)
and treatment efficacy (model 2) using the compared values of each evaluated parameter.

Model 1 (Table 2), which was used to analyze the odds of remission, included the following
parameters: the baseline HDRS score; disease duration; pharmaco-EEG profile (obtained 6 h after
treatment initiation) showing evidence of TCA use (yes vs. no); and the type of treatment (magnesium
vs. placebo).

Table 2. Odds ratio values for the parameters evaluated in this model—the odds ratio for remission.

Parameter Values Odds Ratio 95% LCL 95% UCL p-Value

HDRS-0 [x + 1] vs. [x] 0.8982 0.7503 1.0752 0.2422
Duration of disease [x + 1] vs. [x] 0.8001 0.5842 1.0956 0.1643

PROF-1 0 vs. 1 0.4151 0.1637 1.0527 0.0641
Mg-P Mg vs. P 1.5545 0.6206 3.8938 0.3464

LCL lower confidence limit; UCL upper confidence limit.

Figure 3 shows the odds ratios (ORs) for remission (with 95% confidence intervals) for the
individual parameters. A statistically significant parameter would have its OR = 1.0 value positioned
completely beyond the confidence interval. An odds ratio equal to 1.0 means that both compared
values of the given parameter yield identical odds of remission.

162



Nutrients 2018, 10, 1014

 

Figure 3. Odds ratio values for remission.

We found that an increase in the HDRS score by 1 point as compared to baseline, disease duration
longer by 1 year, and a lack of antidepressant-induced changes in the pharmaco-EEG profile at 6 h after
treatment decrease the odds of remission. The use of magnesium to augment the effect of treatment
increases the odds of remission.

Model 2 (Table 3)—which was used to analyze treatment efficacy, included the following
parameters: the baseline HDRS score; the patients’ gender; smoking status; and the type of treatment
(magnesium vs. placebo). Figure 4 shows the increase in the baseline HDRS score by 1 point and
being a non-smoker (p = 0.0034) reduced the odds of effective treatment. The female sex and the use of
magnesium to potentialize the effect of fluoxetine increased the odds of effective treatment.

Table 3. Odds ratio values for the parameters evaluated in this model—the odds of achieving 50%
improvement in HDRS scores (efficacy).

Parameter Values Odds Ratio 95% LCL 95% UCL p-Value

HDRS-0 [x + 1] vs. [x] 0.8614 0.7093 1.0461 0.1321
Gender F vs. M 2.1942 0.6840 7.0392 0.1864

Smoking status 0 vs. 1 0.1242 0.0181 0.8530 0.0339
Mg-P Mg vs. P 2.5869 0.7510 8.9111 0.1320

LCL, lower confidence limit; UCL, upper confidence limit.
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Figure 4. Odds ratio values for treatment efficacy.

4. Discussion

Our study evaluated the efficacy and safety of antidepressant treatment augmented with
magnesium. Despite the fact that the fluoxetine-and-magnesium group showed higher rates of
50% improvement in HDRS scores at week 8 than the fluoxetine-and-placebo group, the difference was
not statistically significant. Similar, though also non-significant, results were obtained while evaluating
remission. Moreover, the magnesium and placebo groups showed no significant differences in terms
of the efficacy and safety of treatment at any evaluated time point.

Our findings are unlike those reported in some earlier studies. Tarleton et al. demonstrated
a decrease in depression symptoms already after a two-week period of magnesium supplementation
at 248 mg per day. Their study employed the PHQ-9 for the diagnosis of depression [47],
with 126 participants with mild-to-moderate depression symptoms included in the study. Their results
showed no relationship with the participants’ age, gender, baseline disease severity, or antidepressant
treatment [48]. Earlier reports by Tarleton et al. also showed a relationship between low magnesium
intake (<184 mg/day) and depression [26]. This observation was also supported by a Finnish study
including exclusively males (2320 participants). That study demonstrated that adequate magnesium
intake may prevent depression [27]. In light of the available studies, the reports of major depression
cases described by Eby et al. seem very interesting, as they showed a rapid (within under 7 days)
recovery in response to treatment with magnesium (in the form of glycinate and taurinate) at 125–300-mg
administered with every meal and before sleep [35]. Moreover, another two-week randomized study in
a group of 23 elderly patients with newly diagnosed depression, associated with type 2 diabetes and
hypomagnesemia, showed treatment with magnesium chloride (450 mg/day) to be equally effective as
that with imipramine (50 mg/day) [49].

Nonetheless, our findings were consistent with those of some other authors. Mehdi et al. observed
no changes in HDRS scores following magnesium supplementation in a group of participants
(n = 12) with mild-to-moderate treatment-resistant depression [50]. Similar results were observed in
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a randomized clinical study in a group of female patients with postpartum depression, where an 8-week
treatment with magnesium at 320 mg/day failed to reduce the symptoms of depression evaluated
with the Edinburgh Postnatal Depression Scale [51]. Moreover, a large Spanish study conducted
in a Mediterranean population (15,836 participants) showed no conclusive evidence to support the
claim that an increased magnesium intake might be associated with a lower risk of developing
depression [52]. Due to these conflicting findings, the efficacy of magnesium in antidepressant
treatment is still unknown.

Table 4 presents a compilation of clinical studies on the use of magnesium in the treatment of
depressive disorders as well as data on the study methods used.

Table 4. Effect of magnesium (Mg) supplementation in human depression.

Depression Type Type of Study N
Dose of Mg+2

mg/day p.o.
Salt Effect References

Major depression Case 4 125–300 Glycinate
taurinate + [28]

Depression
(early, type 2 diabetes,

hypomagnesemia)

Randomized Mg
vs. IMI| 23 450 Chloride + [42]

Depression Gitelman’s
syndrome,

(hypomagnesemia)
Case 1 300–900 plus

intravenous 1200
Oxide
sulfate + [46]

Major depression
(hypomagnesemia) Placebo 60 300 Oxide + [47]

Major depression Placebo
cross-over 112 248 Chloride + [41]

Postpartum depression Placebo 66 87 Sulfate − [44]

Major depression Placebo 37 120 Aspartate − present
study

Major depression (TRD) Monotherapy 12 Intravenous 1000 Sulfate − [43]

N—number of patients; + positive effect of Mg supplementation; − no effect of Mg supplementation.

We would like to emphasize the fact that the tools for assessing depression symptoms which
were used in the studies cited above were non-uniform, with the following being the most
commonly used questionnaires: the Human Population Laboratory (HPL) Depression Scale [27],
Patient Health Questionnaire (PHQ-9), Yasavage and Brink Scale [49], and Hamilton Depression
Rating Scale (HDRS) [50]. It seems obvious that these psychometric instruments differ in terms of
accuracy, reliability, or standardization. Therefore, the selection of an appropriate questionnaire
may determine the study findings. Consistent with our observations, a study by Mehdi et al.
showed no significant changes in HDRS scores following magnesium supplementation; however,
increased serum magnesium levels correlated with a clinical improvement measured with the
PHQ-9 [50]. The questionnaire used in our study is currently considered to be the gold standard
among psychometric tools used to assess the severity of depression. Additionally, it helps precisely
monitor the patient’s condition during antidepressant treatment. The HDRS is an observer-rated
instrument, which means that the assessment is conducted by an experienced physician who knows
the standards in symptom severity assessment. Unlike self-administered questionnaires used by other
investigators, the HDRS is considered to be a more objective and accurate tool. The methods of assessing
a response to treatment in our study additionally included looking for antidepressant-induced changes
in pharmaco-EEG profiles at various time points. Our results showed no statistically significant
differences between the study groups. The discrepancies between our findings and the ones reported
by other authors may be also due to a varied duration of magnesium supplementation and different
assessment time points.
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Other factors that may affect treatment efficacy include both the dosage and form of magnesium
supplements. In all the studies mentioned above where oral magnesium supplementation was
shown to decrease depression symptoms magnesium doses ranged from 125 to 900 mg/day. In all
these cases the dosage was higher than that used in our study. Currently, there are a number of
available magnesium formulations. The key criterion that makes these formulations different is their
bioavailability. Due to the fact that only some (30–40%) of the ingested magnesium is absorbed by the
body, it is very important to conduct magnesium supplementation using formulations characterized by
better absorption. Magnesium aspartate, citrate, lactate, and chloride are considered to have a higher
bioavailability in comparison with that of either magnesium oxide or sulfate [11]. In the present study
dose of magnesium (120 mg Mg2+/day) was chosen as the acceptable (and widely applied) in Poland
(indicated by Pharmindex—polish drug encyclopedia). Despite the fact that we used magnesium
aspartate characterized by high bioavailability and a structure similar to that of magnesium compounds
found in a normal diet, we observed no significant improvement in depression symptoms. Moreover,
since our study was conducted exclusively in a Polish population, we cannot exclude the potential
effects of genetic and environmental factors.

Despite the well-documented relationship between magnesium and depression, its mechanisms
are still unknown. Thus, the role of magnesium in antidepressant treatment augmentation is difficult
to elucidate. A study by Camardese et al. demonstrated a more pronounced response to antidepressant
treatment in patients with higher magnesium levels [31]. Another study showed a marked increase in
intracellular magnesium levels following treatment with either amitriptyline or sertraline. It is precisely
this increase in intracellular magnesium levels that has been suggested to be partially responsible for
the effect of antidepressant drugs [53].

Experimental pre-clinical studies on animal models demonstrated that the antidepressant
effect of magnesium is a result of its role in serotoninergic neurotransmission [54]. The potential
synergism between magnesium and antidepressants warrants further studies on antidepressant
treatment potentialization.

Further studies are necessary to discover whether magnesium supplementation can justify the
use of antidepressants at lower doses or help avoid the necessity of combination regimens.

We would like to emphasize our multivariate analysis results that identified the parameters that
increased the odds of remission and treatment efficacy. The parameters increasing the odds of remission
(i.e., HDRS score of <6) included lower baseline HDRS scores, shorter history of disease, the presence
of antidepressant-induced pharmaco-EEG profile at 6 h after drug administration, and treatment
augmentation with magnesium ions. The parameters increasing the odds of treatment efficacy were
lower baseline HDRS scores, female gender, being a smoker, and treatment augmentation with
magnesium ions. It seems obvious that an earlier diagnosis and lower symptom severity are favorable
prognostic factors. The benefits of magnesium supplementation have been widely discussed. One of
the arguments explaining the better treatment efficacy in females observed in our study may be other
authors’ reports of generally lower magnesium levels in females [55,56]. Pregnancy and chronic use of
oral contraceptives are known to lead to hypomagnesemia [57]. Moreover, magnesium supplementation
has been shown to prevent the development of postpartum depression [35].

We would like to emphasize that one of the parameters shown to significantly increase the odds of
effective treatment was the fact of being a smoker. Nicotine is known to directly affect mood in humans.
The relationship between depression and smoking has been extensively studied, and the findings
demonstrated antidepressant properties of nicotine [58–60]. Smokers with a history of depression who
refrain from smoking have a higher risk of developing another depressive episode [61]. Salin-Pascual
et al. observed an improvement in the mood of non-smoking participants with major depression
following the use of nicotine patches [62]. This effect is most likely associated with dopaminergic
reward system activation [63] and serotoninergic neurotransmission [60]. The results of our study
demonstrate potentially antidepressant effects of nicotine. However, our findings need to be confirmed
in a larger number of patients.
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Despite the fact that our study did not conclusively demonstrate an increased efficacy of
antidepressant treatment augmented with magnesium, magnesium supplementation helped predict
treatment efficacy and remission. Further studies are necessary to assess whether magnesium
supplementation may be a valuable complement to standard antidepressant treatments.

5. Conclusions

The magnesium and placebo groups showed no statistically significant differences in terms of
HDRS scores, serum magnesium levels, treatment safety and efficacy, or pharmaco-EEG profiles.
Nonetheless, supplementation with magnesium ions is one of the parameters that help increase the
chances of treatment efficacy and remission. The limitation of this study is the small sample size.
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