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Abstract: Background: Low circulating magnesium (Mg) is associated with an increased risk of
developing type 2 diabetes mellitus (T2DM). We aimed to study the performance of a nuclear
magnetic resonance (NMR)-based assay that quantifies ionized Mg in EDTA plasma samples and
prospectively investigate the association of Mg with the risk of T2DM. Methods: The analytic
performance of an NMR-based assay for measuring plasma Mg was evaluated. We studied 5747
subjects free of T2DM at baseline in the Prevention of Renal and Vascular End-stage Disease
(PREVEND) study. Results: Passing—Bablok regression analysis, comparing NMR-measured
ionized Mg with total Mg measured by the Roche colorimetric assay, produced a correlation of r =
0.90, with a slope of 1.08 (95% CI: 1.00-1.13) and an intercept of 0.02 (95% CI: -0.02-0.08). During a
median follow-up period of 11.2 (IQR: 7.7-12.0) years, 289 (5.0%) participants developed T2DM.
The association of NMR-measured ionized Mg with T2DM risk was modified by sex (Pinteraction =
0.007). In women, we found an inverse association between Mg and the risk of developing T2DM,
independent of adjustment for potential confounders (HR: 1.80; 95% CI: 1.20-2.70). In men, we
found no association between Mg and the risk of developing T2DM (HR: 0.90; 95%: 0.67-1.21).
Conclusion: Lower NMR-measured plasma ionized Mg was independently associated with a
higher risk of developing T2DM in women, but not in men.
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1. Introduction

The global prevalence of type 2 diabetes mellitus (T2DM) has increased over the past few
decades [1], and certain modifiable risk factors, including obesity and insulin resistance, as well as
inadequate intake of vitamins and minerals, have received considerable interest [2,3]. Magnesium
(Mg) is an essential cofactor for multiple enzymatic pathways involved in energy metabolism and
the modulation of insulin-mediated glucose uptake [4] and has been associated with inflammation
and endothelial dysfunction [5,6]. Not surprisingly, Mg levels have been linked to several
cardiovascular diseases, including ischemic heart disease, stroke, and hypertension, but also to
T2DM [7-13].

Nearly 99% of the magnesium in the body is found in the bone, muscle, and soft tissue [14,15].
Only about 0.3-1% is present in serum, with a mean Mg concentration of nearly 0.85 mmol/L. Of
this, 70-80% is available in a free ionized form and the rest is bound to proteins, phosphate, citrate,
and other compounds. In current clinical laboratories, Mg is measured largely as total Mg with the
predominant techniques being (1) photometry, which uses a number of chromogenic substances
such as xylidyl blue, and (2) atomic absorption spectroscopy [15]. The determination of ionized Mg
has been problematic and ion-selective electrodes for measuring ionized Mg potentiometrically have
historically suffered from a lack of selectivity, as well as relatively long response times. In recent
years, efforts have been underway to optimize measurement of ionized Mg in plasma and serum
due to numerous publications promoting the relevance of ionized Mg in different clinical situations
and the potential superiority of ionized Mg over total Mg concentrations [15].

Recently, a clinical nuclear magnetic resonance spectroscopy (NMR) instrument (Vantera®
Clinical Analyzer, Morrisville, NC, USA) was developed that addresses the limiting factors of
research NMR instruments and allows for the simultaneous quantification of lipoprotein particles,
metabolites, and an inflammatory marker in the clinical laboratory [16-19]. The aim of the current
study was to develop and validate an assay for quantifying ionized Mg in plasma using NMR
spectra collected for routine lipoprotein quantification on a clinical laboratory instrument. In this
way, Mg can be measured in addition to routine lipoprotein quantification without incurring extra
costs. With this newly developed NMR-based assay, we further aimed to determine the prospective
association of NMR-measured Mg and the risk of developing T2DM in a large Dutch cohort study.

2. Materials and Methods

2.1. Study Design

For the analyses of the present study, the Prevention of Renal and Vascular Endstage Disease
(PREVEND) study was used, which is a prospective Dutch cohort. Details are described elsewhere
[20]. In brief, from 1997 to 1998, all inhabitants of Groningen, the Netherlands, aged 28 to 75 years
(n = 85,421), were sent a short questionnaire on demographic characteristics and renal and
cardiovascular morbidity and a vial to collect a first morning void urine sample. Those who were
unable or unwilling to participate, pregnant women, and individuals using insulin were not
included. Altogether, 40,856 people (48%) responded. Subjects with a urinary albumin concentration
of 210 mg/L (n =7768) were invited to participate, of whom 6000 subjects were enrolled. In addition,
a randomly selected group with a urinary albumin concentration of <10 mg/L (n = 3394) was invited
to participate in the cohort and 2592 subjects of the initially 3394 invited subjects were enrolled. 8592
subjects participated in the PREVEND cohort and completed an extensive examination in 1997 and
1998 (baseline). Participants were invited to the outpatient clinic of the University Medical Center
Groningen for measurements approximately every 3 years.

The second screening took place from 2001 through 2003 (n = 6894), which was the starting
point for the present evaluation. For the present study, we excluded subjects with diabetes at
baseline or unknown diabetes status or with no follow-up data available for diabetes (n = 545) and
subjects with missing Mg data (n = 602), leaving 5747 participants for the analyses (Figure 1). The
PREVEND study was approved by the Medical Ethics Committee of the University Medical Center
Groningen. Written informed consent was obtained from all participants and was performed
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according to the principles outlined in the Declaration of Helsinki. All participants provided written
informed consent.
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urine test
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v | v
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5745 Eligible for the present study for T2DM (n = 545)

Figure 1. Flowchart of the Prevention of Renal and Vascular Endstage Disease (PREVEND) study
participants included or excluded for the purposes of this study.

2.2. Laboratory Analysis

Venous blood was obtained at each screening round after an overnight fast. EDTA plasma and
lithium heparin plasma samples were prepared by centrifugation at 4 °C and stored at -80 °C until
thawed for testing. EDTA plasma samples from the second screening were sent frozen to
LipoScience, (now LabCorp, Morrisville, NC, USA) for testing on the Vantera Clinical Analyzer
(Morrisville, NC, USA) and lithium heparin plasma was tested on the Roche Modular system.

2.3. NMR-Based lonized Mg Assay

As is customary for collecting NMR spectra for the NMR LipoProfile test, EDTA plasma
samples were diluted 1:1 with phosphate buffer (pH 7.4) containing 5 mmol/L EDTA. The extra
EDTA in the buffer ensured complete chelation of free ionized Mg present in the plasma specimens,
as well as any circulating Mg that may not be tightly bound to proteins, citrates, or phosphates.
Proton NMR spectra were collected on 400 MHz Vantera Clinical Analyzers at 47 °C as described
previously [16,21]. The NMR acquisition time was 48 s, with a total sample to sample turnaround
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time of 90 s. The proton NMR spectra were deconvoluted using proprietary software as follows: The
singlet peak emanating from four equivalent protons of the ethylene moiety in the Mg-EDTA
complex (-N-CH2-CH2-N-) appearing at 2.66 ppm in the NMR spectrum was used for quantitation.
As the Mg-EDTA NMR signal overlaps with a signal from circulating proteins, the deconvolution
method included the protein signal encompassing approximately 50 Hz, and a 16 Hz wide region of
the Mg-EDTA peak was integrated. The relation between Mg-EDTA signal area and Mg
concentrations were established by standard addition experiments on dialyzed serum, and the
conversion factor thus obtained was applied to transform Mg-EDTA signal areas to concentrations
expressed in mmol/L. The Mg concentrations were standardized against a 25.0 mM solution of ACS
Reagent Grade MgCl.6H.O (MilliporeSigma, Burlington, MA, USA). Defined amounts of the
standard MgCl: solution were spiked into dialyzed serum devoid of ionized Mg. The accuracy was
ascertained through recovery experiments done from 0 to 4.0 mM Mg concentrations. Similar to
other NMR assays on Vantera, the commercial assay would also involve running 2 levels of serum
controls, performing daily checks on the accuracy, and guarding against drift with time. We tested
for imprecision in the NMR-measured ionized Mg assay as per CLSI guidelines. Pooled samples
with two varying concentrations of Mg (low and high) were tested to determine within-lab
(inter-assay) precision.

2.4. Roche Modular Total Mg Assay and Assay Comparison

The Roche Modular assay is a colorimetric end point assay that measures total Mg in a serum,
heparin plasma or urine sample. The method is based on the reaction of Mg with xylidyl blue in an
alkaline solution containing ethylene glycol-bis(3-aminoethyl ether)-N,N,N’,N'-tetraacetic acid
(EGTA), which has a lower affinity for Mg, in order to mask the calcium in the sample. In the
alkaline solution, Mg forms a purple complex with the xylidyl blue diazonium salt and the
concentration of Mg is determined photometrically via the decrease in the xylidyl blue absorbance
(505/600 nm). In order to understand the differences between the two assays, we compared values
from the NMR-based ionized Mg assay with total Mg measured on a Roche Modular Analyzer
(Roche Diagnostics, Mannheim, Germany) in 799 samples of appropriate specimen types from the
second screening of the PREVEND cohort. The Roche Mg assay has an inter-assay coefficient
variation of 1.3%.

2.5. Assessment of Covariates

Body mass index (BMI) was calculated as weight (kg) divided by height squared (m?). Smoking
status was defined as self-reported never smoker, former smoker, or current smoker [22]. Blood
pressure was measured with an automatic Dinamap XL Model 9300 series device (Johnson-Johnson
Medical, Tampa, FL, USA). Hypertension was defined as a systolic blood pressure (SBP) > 140
mmHg or a diastolic blood pressure (DPB) > 90 mmHg, and/or the use of anti-hypertensive drugs.
Information on medication use was combined with information on drug use from the IADB.nl
database, containing pharmacy-dispensing data from community pharmacies in the Netherlands
[23]. Estimated glomerular filtration rate (eGFR) based on serum creatinine and serum cystatin C
was calculated from the Chronic Kidney Disease Epidemiology Collaboration equation [24]. Urinary
albumin, sodium, urea, and creatinine excretion and circulating albumin, sodium, potassium,
calcium, and creatinine, total cholesterol, high-density lipoprotein cholesterol, triglycerides, high
sensitivity C-reactive protein (hsCRP) and glucose were determined as previously described [25-28].

2.6. Assessment of T2DM Risk

Incident T2DM was ascertained if one or more of the following criteria were met: (1) Fasting
plasma glucose > 7.0 mmol/L; (2) random sample plasma glucose > 11.1 mmol/L; (3) self-reporting of
a physician diagnosis; (4) initiation of glucose-lowering medication use retrieved from a central
pharmacy registry [29]. Incident T2DM was defined as T2DM that occurred after the second
screening.
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2.7. Statistical Analysis

Analytic validation data was calculated using Analyze-it (Analyze-it Software, Ltd. Leeds, UK).
Passing—Bablok regression analysis was used to test agreement between NMR-measured Mg in
EDTA plasma and heparin plasma Mg measured on the Roche Modular Analyzer. Bland-Altman
plots were used to visualize bias. Baseline characteristics are reported in terms of means (SD) when
normally distributed or medians (interquartile range) in the case of non-normally distributed data.
Categorical data are presented as frequencies (percentages). We prospectively examined the
association between chelated Mg and the risk of developing T2DM using Cox proportional hazards
regression models. We used chelated Mg as a continuous variable in these models and additionally,
we examined the association in tertiles of chelated Mg. Person-time of follow-up was calculated for
each participant from the first visit (baseline) until the last visit, the incidence of T2DM, death, or
relocation to an unknown destination, whichever came first. Multivariable Cox models were
adjusted for age, sex, BMI, smoking (2 categories), alcohol intake (2 categories), triglyceride to
high-density lipoprotein cholesterol ratio, hypertensive treatment, parental history of T2DM, plasma
levels of albumin, potassium and calcium and urinary albumin excretion, and fasting glucose levels,
CRP, and eGFR. In addition, we performed sensitivity analyses in which we replaced adjustment for
antihypertensive treatment in Cox regression analyses with an adjustment for the presence of
cardiovascular disease and in which we replaced the adjustment for eGFR in Cox regression
analyses with an adjustment for the presence of chronic kidney disease. Hazard ratios (HRs) are
reported with 95% confidence intervals (Cls). Restricted cubic splines with three knots were
performed to show the association between ionized Mg and risk of T2DM using Cox regression
analyses. We evaluated the potential effect modification in the analyses of plasma ionized Mg and
risk of T2DM by fitting models containing both main effects and their cross-product terms. The
interaction terms were considered statistically significant at p < 0.10. Missing data (present in 0.0-
13.4%) in covariables were handled by multiple imputations [30]. Results are reported for imputed
data, except for the baseline characteristics and the analytic validation data. We considered a
two-sided p value < 0.05 as statistically significant. Data were analyzed using SPSS Statistics version
23.0 (SPSS Inc, Chicago, IL, USA).

3. Results

3.1. Analytical Performance of the NMR-Measured lonized Mg Assay

The coefficient of variation for the NMR ionized Mg assay ranged from 4.6% to 7.1% for
within-lab imprecision (Table 1). We compared NMR-measured Mg in EDTA plasma specimens
with lithium heparin plasma total Mg measured by a Roche Modular colorimetric assay in 799
samples from the PREVEND study. We found a strong linear relationship between NMR-measured
ionized Mg and colorimetrically measured total Mg (r = 0.90). Bland—-Altman analysis showed a
systematic bias of 0.07 mmol/L with chemically measured total Mg concentrations being slightly
higher than the ionized Mg quantified by NMR (Figure 2). Passing-Bablok regression analysis
revealed an intercept of 0.02 (95% CI: -0.02-0.08) and a slope of 1.08 (95% CI: 1.00-1.13) (Figure 3).

Table 1. Within-lab imprecision of ionized Mg measured on the Vantera Clinical Analyzer.

NMR-Measured Mg (mmol/L)

Within-Lab Low High
Mean 0.489 0.892
SD 0.035 0.041

CcvV 7.1% 4.6%

Two pools of EDTA plasma with low and high Mg concentrations were tested twice a day in
duplicate for 20 days on one instrument.



J. Clin. Med. 2019, 8, 169 6 of 16

, 0.18 1
7 ]
S . 0.16 A = = u
,% = 0.14 u ] " E u
s 2 ] [ 1] ] ] ]
© é 012 { ST “ET N EEEEEE CRE —
%D T o ENEENEEEEENENENENEEE

o0 0.1 4 um EEEN [ |
E = EE EEEEEEEEE ] ]
23 0.08 - 5 N EEEEEENENEEE EEEn

N
§'E 006 1 = H 5 SENENENENENNENEEEEE E §
2 .2 ] ENEEEENENENENENEEE & ]
o= 0.04 1 5 EEEEENEENEEEEEE
-1~ S [ —— m _ _UNSSEENESEE ® mEm m
9 = 0.02 4 (I | [T 1]
& EE EEEN =
Qo g 0 - - -
9 [
= -0.02 T T T T T T T T T ]
A 05 055 06 065 07 075 08 08 09 095 1

Mean Mg, mmol/L

Figure 2. Bias plots for total Mg from the Roche Modular and nuclear magnetic resonance
(NMR)-measured ionized Mg.
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Figure 3. Passing—Bablok regression analysis.

3.2. Association of lonized Mg with the Risk of Developing T2DM

The baseline characteristics of the 5747 participants are shown in Table 2. Mean age was 53.0 +
11.9 years, mean NMR-measured ionized Mg was 0.75 + 0.05 mmol/L, and 50.4% of the participants
were female. Higher ionized Mg was associated with a slightly lower BMI, lower fasting glucose
levels and higher HDL-cholesterol levels. In addition, subjects in the highest tertile of ionized Mg
were more likely to be non-smokers.

During a median follow-up period of 11.2 (IQR: 7.7-12.0) years, 289 (5.0%) participants
developed T2DM. We found an association between the levels of NMR-measured ionized Mg and
the risk of developing T2DM in the total population (HR: 1.50; 95% CI: 1.19-1.89). However, after
multivariable adjustment, the association lost significance (HR: 1.16; 95% CI: 0.91-1.47). The
association of NMR-measured Mg with the risk of T2DM was modified by sex (Pinteraction = 0.007). In
men, the association between NMR-measured Mg and the risk of developing T2DM was
non-significant in the crude model (HR: 1.25; 95% CI: 0.94-1.67) and in a fully adjusted multivariable
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model (HR: 0.90; 95%: 0.67-1.21) (Table 3). In women, on the other hand, we found an association
between NMR-measured Mg and the risk of developing T2DM in the crude model (HR: 2.02, 95% CI:
1.37-2.99). After adjustment for lifestyle factors, including BMI, alcohol consumption, smoking
status, triglyceride to HDL cholesterol ratio, use of antihypertensive drugs, and parental history of
T2DM (Model 1), the hazard ratio was slightly attenuated, but not substantially different (HR: 1.66;
95% CI: 1.11-2.47) (Table 3). When we further adjusted for the variables in Model 3, including fasting
glucose, CRP, and eGFR, the association remained similar (HR: 1.80; 95% CI: 1.20-2.70).
Furthermore, the hazard ratio for women in the lowest tertile of NMR-measured Mg was 1.65 (95%
CI: 1.02-2.66) in the crude analysis and 1.72 (95% CI: 1.03-2.86) after multivariable adjustment. A
restricted spline curve confirmed the log-linear inverse association of NMR-measured Mg and the

risk of developing T2DM in women (Figure 4).

Table 2. Baseline characteristics of the PREVEND study population.

Tertiles of NMR-Measured Mg,

1 mmo;/L 3 P Trend
(<0.73) (0.73-0.77) (>0.77)

Participants, n 1919 1900 1928 -
Age, years 52.3+11.8 522 +11.7 54.4+12.0 <0.001
Female, % 48.7 52.1 50.5 0.27
Race, whites, % 96.2 95.9 96.0 0.65
Body mass index, kg/m? 26.9+4.3 26.5+4.3 26.1+3.9 <0.001
Smoking status, % <0.001

Never 25.9 29.3 30.9

Former 42.2 43.1 43.2

Current 31.9 27.6 25.9
Alcohol consumption, % 0.82

None 24.1 23.8 235

1-4 drinks per month 16.1 17.7 17.4

2-7 drinks per week 31.9 32.6 314

1-3 drinks per day 21.7 21.9 22.3

4 or more drinks per day 5.3 3.3 4.2
Education, % 0.17

Low 43.3 41.6 424

Middle 26.4 27.2 24.3

High 30.4 31.2 33.3
Glucose, mmol/L 4.89 +0.66 4.82 +0.65 4.81 +0.63 <0.001
Parental history of T2DM, % 14.0 14.6 14.6 0.61
Blood pressure, mm Hg

Systolic 125.7 +18.2 124.0+17.2 126.2 +19.2 0.43
Diastolic 734+9.1 72.7 8.9 73.3+9.1 0.87

Hypertension, yes, % 33.1 28.1 329 0.90
Use of antihypertensive drugs

ACEi, % 6.2 5.5 52 041

ARB, % 2.1 1.5 2.0 0.36

Diuretics, % 6.0 5.3 5.4 0.59

Beta blockers, % 11.1 8.8 8.5 0.01
Total cholesterol, mmol/L 5.40+1.04 5.40 +1.03 5.50 +1.03 0.004
HDL-cholesterol, mmol/L 1.23+0.29 1.26 +0.30 1.30 £+ 0.25 <0.001
Triglycerides, mmol/L 1.13 (0.83-1.66) 1.09 (0.78-1.54)  1.08 (0.79-1.55) 0.001
Triglyeride:HDL-cholesterol ratio 2.19 (1.40-3.46) 2.00(1.33-3.18)  1.93 (1.24-3.17) <0.001
Use of lipid lowering drugs, yes, % 6.5 7.3 7.6 0.03
CRP, mg/L 1.41 (0.64-3.14) 1.26 (0.58-2.77)  1.26 (0.60-2.86) 0.02
Creatinine, umol/L 70.0 (61.0-79.0) 71.0 (62.0-80.0)  72.0 (64.0-81.0) <0.001
Cystatine C, mg/L 0.87 (0.78-0.98) 0.86 (0.78-0.96)  0.89 (0.80-0.99) <0.001
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Estimated GFR , mL/min/1.732 93.6+17.0 94.1+16.2 90.3+17.0 <0.001
Plasma levels of
Albumin, g/L 433 +2.8 43.8+2.6 442+29 <0.001
Sodium, mmol/L 140.5+2.0 140.7 +2.0 1409 +2.1 <0.001
Potassium, mmol/L 420+0.28 422 +0.26 4.25+0.29 <0.001
Calcium, mmol/L 2.30+0.12 2.30+0.10 2.30+0.11 0.06
Urinary excretions of
Albumin, mg/24-h 9.0 (6.1-17.3) 8.2 (5.9-14.0) 8.3 (6.0-13.5) <0.001
Sodium, mmol/24-h 148.5 £ 56.3 1443 £55.3 139.9 £53.5 <0.001
Urea, mmol/24-h 365.6 +112.8 367.8 +115.0 359.2+110.8 0.07
Creatinine, mmol/24-h 12.7+3.4 12.4+3.3 12.2+3.4 <0.001

Values are presented as means with SDs, medians with interquartile ranges, or percentages. Values

are shown for non-imputed data. T2DM, type 2 diabetes mellitus; GFR indicates glomerular filtration

rate; HDL, high-density lipoprotein; ACEi, angiotensin converting enzyme inhibitor; ARB,

angiotensin receptor blockers; CRP, high sensitive C-reactive protein.

Table 3. The association of NMR-measured ionized Mg with the risk of developing type 2 diabetes

mellitus (T2DM) in the PREVEND study.

Continuous, Tertiles of NMR-Measured Mg,
per 0.1 mmol/L Decrease mmol/L
1 2 3
Total (n = 5747)
Events, n (%) 289 (5.0) 108 (5.6) 99 (5.2) 82 (4.3)

Crude analysis

Age and sex adjusted
Model 1
Model 2
Model 3

1.50 (1.19-1.89)
1.54 (1.23-1.92)
1.27 (1.00-1.61)
1.32 (1.04-1.67)
1.16 (0.91-1.47)

1.36 (1.02-1.82)
1.46 (1.09-1.94)
1.17 (0.87-1.56)
1.20 (0.89-1.61)
1.09 (0.81-1.47)

1.23 (1.02-1.82)
1.36 (1.01-1.82)
1.19 (0.89-1.60)
1.20 (0.89-1.62)
1.23 (0.91-1.65)

1.00 (reference)
1.00 (reference)
1.00 (reference)
1.00 (reference)
1.00 (reference)

Men (n = 2848)
Events, n (%)
Crude analysis
Age adjusted
Model 1
Model 2
Model 3

186 (6.5)
1.25 (0.94-1.67)
1.27 (0.96-1.69)
1.04 (0.78-1.40)
1.04 (0.78-1.40)
0.90 (0.67-1.21)

66 (6.7)
1.21 (0.84-1.73)
1.26 (0.88-1.80)
1.01 (0.70-1.45)
1.01 (0.70-1.45)
0.85 (0.58-1.24)

66 (7.3)
1.31 (0.91-1.87)
1.41 (0.98-2.02)
1.31 (0.92-1.89)
1.31 (0.91-1.89)
1.26 (0.88-1.81)

54 (5.7)
1.00 (reference)
1.00 (reference)
1.00 (reference)
1.00 (reference)
1.00 (reference)

Women (1 = 2899)
Events, n (%)
Crude analysis
Age adjusted
Model 1
Model 2
Model 3

103 (3.6)
2.02 (1.37-2.99)
2.33 (1.58-3.42)
1.66 (1.11-2.47)
1.88 (1.26-2.79)
1.80 (1.20-2.70)

42 (4.5)
1.65 (1.02-2.66)
1.99 (1.23-3.22)
1.45 (0.88-2.39)
1.67 (1.01-2.77)
1.72 (1.03-2.86)

33 (3.3)
1.15 (0.70-1.91)
1.28 (0.78-2.13)
1.13 (0.68-1.89)
1.23 (0.73-2.08)
1.30 (0.76-2.20)

28 (2.9)
1.00 (reference)
1.00 (reference)
1.00 (reference)
1.00 (reference)
1.00 (reference)

Hazard ratios and 95% confidence intervals were derived from Cox proportional hazards regression
models. T2DM, type 2 diabetes mellitus; GFR indicates glomerular filtration rate; HDL, high-density
lipoprotein. Model 1: Adjusted for age, sex, body mass index, alcohol consumption, smoking status,

triglyceride:HDL cholesterol ratio, antihypertensive treatment, and parental history of T2DM. Model 2:

Model 1 and additionally adjusted for plasma levels of albumin, potassium, and calcium and urinary

albumin excretion. Model 3: Model 2 and additionally adjusted for CRP, fasting glucose, and eGFR.
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Table 4. The association of NMR-measured ionized Mg with the risk of developing T2DM in the

PREVEND study (sensitivity analyses).

Continuous,

Tertiles of NMR-Measured Mg,

mmol/L
N1 /L
per 0.1 mmol/L decrease 1 2 3
Total (n = 5747)
Events, n (%) 289 (5.0) 108 (5.6) 99 (5.2) 82 (4.3)

Crude analysis

Age and sex adjusted

Model 1
Model 2
Model 3

1.50 (1.19-1.89)
1.54 (1.23-1.92)
1.32 (1.04-1.67)
1.37 (1.08-1.74)
1.19 (0.94-1.51)

1.36 (1.02-1.82)
1.46 (1.09-1.94)
1.21 (0.90-1.62)
1.26 (0.93-1.69)
1.12 (0.83-1.51)

1.23 (1.02-1.82)
1.36 (1.01-1.82)
1.18 (0.90-1.62)
1.20 (0.89-1.62)
1.21 (0.90-1.63)

1.00 (reference)
1.00 (reference)
1.00 (reference)
1.00 (reference)
1.00 (reference)

Men (n =2848)
Events, n (%)
Crude analysis
Age adjusted
Model 1
Model 2
Model 3

186 (6.5)
1.25 (0.94-1.67)
1.27 (0.96-1.69)
1.05 (0.78-1.40)
1.04 (0.78-1.41)
0.89 (0.67-1.20)

66 (6.7)
1.21 (0.84-1.73)
1.26 (0.88-1.80)
1.01 (0.70-1.45)
1.01 (0.70-1.45)
0.84 (0.58-1.22)

66 (7.3)
1.31 (0.91-1.87)
1.41 (0.98-2.02)
1.32 (0.92-1.90)
1.32 (0.92-1.89)
1.26 (0.87-1.81)

54 (5.7)
1.00 (reference)
1.00 (reference)
1.00 (reference)
1.00 (reference)
1.00 (reference)

Women (1 = 2899)

Events, n (%)

Crude analysis

Age adjusted
Model 1
Model 2
Model 3

103 (3.6)

2.02 (1.37-2.99)
2.33 (1.58-3.42)
1.70 (1.14-2.52)
1.89 (1.27-2.81)
1.81 (1.22-2.69)

42 (4.5)

1.65 (1.02-2.66)
1.99 (1.23-3.22)
1.52 (0.92-2.49)
1.71 (1.04-2.83)
1.75 (1.06-2.89)

33 (3.3)
1.15 (0.70-1.91)
1.28 (0.78-2.13)
1.12 (0.67-1.87)
1.18 (0.70-1.99)
1.29 (1.06-2.17)

28 (2.9)
1.00 (reference)
1.00 (reference)
1.00 (reference)
1.00 (reference)
1.00 (reference)

Hazard ratios and 95% confidence intervals were derived from Cox proportional hazards regression

models. T2DM, type 2 diabetes mellitus; GFR indicates glomerular filtration rate; HDL, high-density

lipoprotein. Model 1: Adjusted for age, sex, body mass index, alcohol consumption, smoking status,

triglyceride:HDL cholesterol ratio, presence of cardiovascular disease, and parental history of T2DM.

Model 2: Model 1 and additionally adjusted for plasma levels of albumin, potassium, and calcium

and urinary albumin excretion. Model 3: Model 2 and additionally adjusted for CRP, fasting glucose,

and presence of chronic kidney disease.
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Figure 4. Association between NMR-measured Mg and the risk of developing T2DM. Data were fit
by a restricted cubic spline with 3 knots and were adjusted for age (A-C) and sex (A).

4. Discussion

This is the first study showing that accurate concentrations of NMR-measured ionized Mg can
be obtained from NMR spectra collected on EDTA plasma samples tested for routine lipoprotein
quantification on a clinical NMR analyzer. The ability to simultaneously interrogate disease
associations for lipoprotein particles, small molecule metabolites, and the GlycA inflammatory
markers in large epidemiological studies using analytically and clinically validated assays is one of
the strengths of the Vantera NMR Clinical Analyzer platform. As a standalone test, the cost for
NMR-assay for Mg would be comparable to a lipid panel derived from the NMR assay. If ordered
together with NMR LipoProfile test or NMR Extended Lipid Panel test, it would only add a small
incremental cost since no additional NMR time would be needed. Unlike the chemical assays for Mg,
the non-invasive NMR assay does not require reagents, and one can get results for all of the NMR
based tests from one NMR spectra obtained from a single draw of a specimen, adding to the overall
cost saving. It is therefore of particular interest for research when samples are precious and available
sample volume relatively low, as for instance often is the case in cohort studies and intervention
studies using the material of underlying biobanks. The assay is currently available through the NMR
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Global Research Services group at LabCorp for research use only. Investigators who have used the
NMR LipoProfile test over the years for various cardiovascular, diabetes, nutrition and diet, and
inflammation-related research studies and clinical trials have the opportunity of retrospectively
analyzing the stored NMR data for plasma Mg levels. Though the data presented in this paper
pertains to EDTA plasma specimens, the NMR-assay for Mg can easily be adapted to work on serum
specimens by sufficiently modifying the EDTA concentration in the NMR diluent.

The systematic bias of 0.07 mmol/L, as shown in Bland-Altman plots, is likely due to the
differences in the amount of Mg that is quantified in each of the assays; the NMR assay quantifying
largely free ionized Mg and the Roche Modular colorimetric assay measuring total Mg levels.
Similar results were reported in a paper by Koch et al., who compared total Mg with free ionized
Mg, suggesting that ionized Mg measured by NMR and ionized Mg quantified by ion specific
electrode measurement may be similar in the fraction of circulating Mg that they are able to quantify
[31]. Moreover, the Roche method can only use serum or heparinized plasma as the preferred
specimens but not EDTA plasma. In contrast, the NMR method requires the use of EDTA plasma
specimens only. The difference in the types of specimen used for the two assays in this study (EDTA
vs. lithium heparin) may also contribute to the small difference in the amount of Mg that was
observed.

Our prospective findings showed that NMR-measured ionized Mg was associated with an
increased risk of T2DM in women even after adjusting for traditional T2DM risk factors and CRP.
However, we found no association between NMR-measured Mg and the risk of developing T2DM in
men. No other studies have reported such an interaction with sex in the association of circulating Mg
and the risk of T2DM. This is, therefore, the first study demonstrating an inverse association of Mg
on T2DM risk that is only present in women. The interaction between circulating Mg levels and sex
may warrant confirmation in further studies. It might be that female sex hormones play a role in this
observed interaction [32]. It has indeed been established that estrogen significantly affects renal
magnesium handling [33,34], likely explaining higher circulating Mg levels in pre-menopausal
women than in post-menopausal women and the cycling of Mg levels in pre-menopausal women
[35,36]. Low circulating Mg levels and T2DM are known to be related, mainly through insulin
resistance rather than through insulin secretion, but the cause and effect relationships remain to be
established [10]. Consistent with this, it has been observed that low circulating Mg levels are
associated with diabetes, insulin resistance, and obesity in women, but not in men [37]. It has also
been shown that there is a sex difference in the relationship of urinary magnesium excretion to
glycaemic control in patients with TIDM [38]. Albeit not in the field of diabetes, it has repeatedly
been suggested that there is a sex difference in the prospective association of Mg intake and low
circulating Mg levels with cardiovascular mortality, with associations predominantly present in or
limited to women [39-41].

So far, only three studies prospectively reported associations between serum or plasma Mg and
the risk of developing T2DM [42—44]. Everett et al. investigated the relationship between circulating
Mg and the risk of developing T2DM in a cohort of 9784 US participants [43]. They showed that low
serum Mg was associated with an increased risk of T2DM in the total population. Recently, Kieboom
et al. confirmed this finding and showed that the association was partly mediated through insulin
resistance [44]. In the present study, the association between NMR-measured Mg and T2DM
remained significant after adjusting for fasting glucose levels, which is also in line with the findings
of Kao et al. [42]. Indeed, the effect of Mg on insulin actions could be one possible mechanism by
which Mg affects T2DM risk. Mgis essential for autophosphorylation of the [3-subunits of the insulin
receptor; in vitro studies have shown that Mg enhances tyrosine kinase activity by increasing the
receptor’s affinity for ATP. Thus, intracellular Mg deficiency may result in decreased tyrosine kinase
activity and consequently in insulin resistance. Furthermore, clinical trials have shown that Mg
supplementation is effective in reducing fasting plasma glucose in diabetic patients and HOMA-IR
in individuals at risk of T2DM [45].

Another possible explanation by which low Mglevels affect the risk of T2DM might be through
chronic inflammation. Markers for systemic inflammation, including CRP and GlycA, have been
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found to be independent predictors for the risk of developing T2DM [28,46]. Song and others found
that dietary Mg intake was inversely associated with CRP and E-selectin levels in women and
recently, it has been shown that low circulating Mg levels were associated with higher CRP levels
[47]. Furthermore, a meta-analysis of clinical trials showed that Mg supplementation reduces CRP
levels, but this finding was only significant in subjects with higher baseline CRP levels [48]. In our
study, adjustment for CRP did not influence the association between plasma Mg and T2DM risk.

Measurements of circulating Mg are currently used by physicians to identify patients with
hypomagnesemia and hypermagnesemia. Hypermagnesemia or high magnesium may be an
indication of renal impairment or failure or in patients with Addison disease. Marked increases in
circulating Mg may also be found in patients taking Mg salts, such as those found in antacids, or in
pregnant women with preeclampsia who are taking Mg sulfate as an anticonvulsant.
Hypomagnesemia can occur in subjects who are on long-term hyperalimentation, intravenous
therapy, or suffering from alcoholism and other types of malnutrition or malabsorption. Mg
deficiency has been shown to be associated with cardiac arrhythmias. This study suggests that low
plasma Mg may also be useful for assessing the risk of T2DM in women.

The present study has strengths as well as limitations. The main strengths include the
prospective study design and the large sample size. Second, our findings suggest that
NMR-measured ionized Mg showed good agreement with Mg measured on the Roche Modular
Analyzer, thereby, introducing a novel method to measure circulating Mg that might have useful
clinical applications. Some limitations warrant consideration. First, as with any observational study,
no cause-effect relationships can be drawn and residual confounding still may exist. Second, because
Mg is predominantly present in green leafy vegetables, nuts, whole grains, and legumes, the effects
of other dietary components could have been responsible for the association between Mg and T2DM.
Unfortunately, we were not able to adjust for such potential confounders, because no data on dietary
intake were available. Third, we had to report separate HRs for men and women, because we found
a significant difference in interaction by sex in the analysis. Therefore, the number of cases could
have become insufficient to detect an association in men. Fourth, NMR-measured Mg was only
assessed at the second screening and, therefore, we could not take into account possible changes in
Mg concentrations over time. However, one study reported a strong correlation between two Mg
concentrations that were measured 1 year apart [49]. Finally, because >95% of the subjects within the
PREVEND study are white and of Dutch origin, the results may not be generalizable to different
ethnic populations.

5. Conclusions

In summary, ionized Mg quantified in the Vantera Clinical Analyzer showed good agreement
with total Mg measured on the Roche Modular Analyzer. In prospective analyses, we found that
lower NMR-measured ionized Mg is associated with a higher risk of developing T2DM in women,
but not in men. This association was independent of several traditional T2DM risk factors. These
findings warrant future long-term clinical trials to study thoroughly the potential effects of Mg
supplementation on prevention of T2DM and T2DM control. In addition, future studies should
focus on the interaction between Mg and sex in the association with T2DM.

Author Contributions: Conceptualization, ].C.S.,, AW.G.N,, G.N,, RT.G, MHD.B, RD, F.G, and SJ.LB.;
methodology, J.C.S, AW.G.N,, E]JJ, LS, ].D.O, M.A.C,, and SJ.L.B,; validation, J.C.S and A.W.G.N.; formal
analysis, J.C.S and A.W.G.N; investigation, J.C.S. and A.W.G.N,; resources, J.E.K.-R.; writing — original draft
preparation, J.C.S. and A.W.G.N.; writing — review and editing, J.C.S.,, AW.G.N, GN., RT.G, RP.ED,
R.O.B.G, M.H.D.B, 1S, ].D.O., M.A.C,, and S.J.L.B.; Supervision, M.H.D.B. and S.J.L.B.

Acknowledgments: This work is supported by the NIGRAM? collaboration project, financed by the PPP
Allowance made available by Top Sector Life Sciences & Health to the Dutch Kidney Foundation to stimulate
public-private partnerships.

Conflicts of Interest: E.].]., I.S., ].D.O., and M.A.C. are employees of LabCorp.



J. Clin. Med. 2019, 8, 169 13 of 16

References

1.

10.

11.

12.

13.

14.

15.

Wild, S.; Roglic, G.; Green, A,; Sicree, R.; King, H. Global prevalence of diabetes: Estimates for the year
2000 and projections for 2030. Diabetes Care. 2004, 27, 1047-1053. Available online:
https://doi.org/10.2337/diacare.27.5.1047 (accessed on 10 January 2019).

Bonora, E.; Kiechl, S.; Willeit, J.; Oberhollenzer, F.; Egger G.; Meigs J.B.; Bonadonna, R.C.; Muggeo, M.
Population-based incidence rates and risk factors for type 2 diabetes in white individuals: The Bruneck
study. Diabetes 2004, 53, 1782-1789. Available online: https://doi.org/10.2337/diabetes.53.7.1782 (accessed
on 10 January 2019).

Song, Y.; Xu, Q.; Park, Y.; Hollenbeck, A.; Schatzkin, A.; Chen H. Multivitamins, individual vitamin and
mineral supplements, and risk of diabetes among older U.S. adults. Diabetes Care. 2011, 34, 108-114.
Available online: https://doi.org/10.2337/dc10-1260 (accessed on 10 January 2019).

Paolisso, G.; Barbagallo, M. Hypertension, diabetes mellitus, and insulin resistance: The role of
intracellular ~ magnesium. Am ]  Hypertens. 1997, 10, 346-355. Available online:
https://www.semanticscholar.org/paper/Hypertension%2C-diabetes-mellitus%2C-and-insulin-the-of-Paol
isso-Barbagallo/e897001b290e7d915e37c46e1dfb9821a64dc748 (accessed on 10 January 2019).

Song, Y.; Li, T.Y.; van Dam, R.M.; Manson, J.E.; Hu, F.B. Magnesium intake and plasma concentrations of
markers of systemic inflammation and endothelial dysfunction in women. Am. |. Clin. Nutr. 2007, 85, 1068
1074. Available online: https://doi.org/10.1093/ajcn/85.4.1068 (accessed on 10 January 2019).

Chacko, S.A.; Song, Y.; Nathan, L.; Tinker, L.; de Boer, LH.; Tylavsky, F.; Wallace, R.; Liu, S. Relations of
dietary magnesium intake to biomarkers of inflammation and endothelial dysfunction in an ethnically
diverse cohort of postmenopausal women. Diabetes Care. 2010, 33, 304-310. Available online:
https://doi.org/10.2337/dc09-1402 (accessed on 10 January 2019).

Joosten, M.M.; Gansevoort, R.T.; Mukamal, K.J.; van der Harst, P.; Geleijnse, ].M.; Feskens, E.].M.; Navis,
G.; Bakker, S.J. Urinary and plasma magnesium and risk of ischemic heart disease. Am. J. Clin. Nutr. 2013,
97, 1299-1306. Available online: https://doi.org/10.3945/ajcn.112.054114 (accessed on 10 January 2019).
Joosten, M.M.; Gansevoort, R.T.; Mukamal, K.J.; Kootstra-Ros, J.E.; Feskens, E.].M.; Geleijnse, ].M.; Navis,
G.; Bakker, S.J. Urinary magnesium excretion and risk of hypertension: The prevention of renal and
vascular  end-stage  disease study. Hypertens 2013, 61, 1161-1167.  Available online:
https://doi.org/10.1161/HYPERTENSIONAHA.113.01333 (accessed on 10 January 2019).

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. Hypertens 2016, 68, 324-333. Available online: https://doi.org/10.1161/HYPERTENSIONAHA.
116.07664 (accessed on 10 January 2019).

Gommers, L.M.M.; Hoenderop, ]J.G.J.; Bindels, R.J.M.; de Baaij, ].H.F; Hypomagnesemia in Type 2
Diabetes: A Vicious Circle? Diabetes 2016, 65, 3-13. Available online: https://doi.org/10.2337/db15-1028
(accessed on 10 January 2019).

Fang, X.; Wang, K; Han, D.; He, X.; Wei, J.; Zhao, L.; et al. Dietary magnesium intake and the risk of
cardiovascular disease, type 2 diabetes, and all-cause mortality: A dose-response meta-analysis of
prospective cohort studies. BMC Med. 2016, 14, 210. Available online:
https://doi.org/10.1186/512916-016-0742-z (accessed on 10 January 2019).

Dong, J.Y.; Xun, P,; He, K,; Qin, L.Q. Magnesium intake and risk of type 2 diabetes: Meta-analysis of
prospective  cohort  studies.  Diabetes  Care. 2011, 34, 2116-2122. Available online:
https://doi.org/10.2337/dc11-0518 (accessed on 10 January 2019).

Wu, J.; Xun, P.; Tang, Q.; Cai, W.; He, K. Circulating magnesium levels and incidence of coronary heart
diseases, hypertension, and type 2 diabetes mellitus: A meta-analysis of prospective cohort studies. Nutr ].
2017, 19, 60. Available online: https://doi.org/10.1186/s12937-017-0280-3 (accessed on 24 January 2019).
Elin, R]J. Assessment of magnesium status. Clin. Chem. 1987, 33, 1965-1970. Available online:
http://clinchem.aaccjnls.org/content/33/11/1965.long (accessed on 10 January 2019).

Saris, N.E.; Mervaala, E.; Karppanen, H.; Khawaja, J.A.; Lewenstam, A. Magnesium. An update on
physiological, clinical and analytical aspects. Clin Chim Acta. 2000, 294, 1-26. Available online:
https://doi.org/10.1016/S0009-8981(99)00258-2 (accessed on 10 January 2019).



J. Clin. Med. 2019, 8, 169 14 of 16

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Matyus, S.P.; Braun, P.J.; Wolak-Dinsmore, J.; Jeyarajah, E.J.; Shalaurova, L; Xu, Y.; Warner, S.M.; Clement,
T.S.; Connelly, M.A. Fischer, T.J. NMR measurement of LDL particle number using the
Vantera Clinical Analyzer. Clin Biochem. 2014, 47, 203-210. Available online: https://doi.org/10.1016/
j-clinbiochem.2014.07.015 (accessed on 10 January 2019).

Otvos, ].D.; Shalaurova, I.; Wolak-Dinsmore, J.; Connelly, M.A.; Mackey, R.H.; Stein, J.H.; Tracy, R.P.
GlycA: A Composite Nuclear Magnetic Resonance Biomarker of Systemic Inflammation. Clin. Chem. 2015,
61, 714-723. Available online: http://clinchem.aaccjnls.org/content/61/5/714.long (accessed on 10 January
2019).

Garcia, E.; Wolak-Dinsmore, J.; Wang, Z.; Li, X.S.; Bennett, D.W.; Connelly, M.A,; et al. NMR
quantification of trimethylamine-N-oxide in human serum and plasma in the clinical laboratory setting.
Clin Biochem. 2017, 50, 947-955. Available online: https://doi.org/10.1016/j.clinbiochem.2017.06.003
(accessed on 10 January 2019).

Wolak-Dinsmore, J.; Gruppen, E.G.; Shalaurova, I.; Matyus, S.P.; Grant, R.P.; Gegen, R.; Bakker, S.J.L.;
Otvos, ].D.; Connelly, M.A.; Dullaart, RP.F. A novel NMR-based assay to measure circulating
concentrations of branched-chain amino acids: Elevation in subjects with type 2 diabetes mellitus and
association with carotid intima media thickness. Clin. Biochem. 2018, 54, 92-99. Available online:
https://doi.org/10.1016/j.clinbiochem.2018.02.001 (accessed on 10 January 2019).

Hillege, H.L.; Janssen, W.M.; Bak, A.A.; Diercks, G.F.; Grobbee, D.E.; Crijns, H.].; Van Gilst, W.H.; De
Zeeuw, D.; De Jong, P.E. Microalbuminuria is common, also in a nondiabetic, nonhypertensive
population, and an independent indicator of cardiovascular risk factors and cardiovascular morbidity. |
Intern Med. 2001, 249, 519-526. Available online: https://doi.org/10.1046/j.1365-2796.2001.00833.x (accessed
on 10 January 2019).

Jeyarajah, E.J.; Cromwell, W.C.; Otvos, ]J.D. Lipoprotein particle analysis by nuclear magnetic resonance
spectroscopy. Clin. Lab. Med. 2006, 26, 847-870. Available online: https://doi.org/10.1016/j.c11.2006.07.006
(accessed on 10 January 2019).

Eisenga, M.F.; Wouters, H.].C.M.; Kieneker, L.M.; van der Klauw, M.M.; van der Meer, P.; Wolffenbuttel,
B.H.R,; Gaillard, C.A.].M.; Kootstra-Ros, J.E.; Touw, D.J.; Huls, G,; et al. Active smoking and macrocytosis
in the general population: Two population-based cohort studies. Am. |. Hematol. 2019, 94, E45-E48.
Available online: https://doi.org/10.1002/ajh.25346 (accessed on 25 January 2019).

Visser, S.T; Schuiling-Veninga, C.C; Bos, J.H; de Jong-van den Berg, L.T; Postma, M.]. The
population-based prescription database IADB.nl: Its development, usefulness in outcomes research and
challenges. Expert. Rev. Pharmacoecon. Outcomes Res. 2013, 13, 285-292. Available online:
https://doi.org/10.1586/erp.13.20 (accessed on 24 January 2019).

Levey, A.S,; Stevens, L.A.; Schmid, C.H.; Zhang, Y.L.; Castro, A.F, 3rd; Feldman, H.I; Kusek, J.W.; Eggers
P.; Van Lente, F.; Greene, T.; et al. A new equation to estimate glomerular filtration rate. Ann. Intern. Med.
2009, 150, 604-612. Available online: https://doi.org/10.7326/0003-4819-150-9-200905050-00006 (accessed on
10 January 2019).

Oterdoom, L.H.; Gansevoort, R.T.; Schouten, J.P.; de Jong, P.E.; Gans, R.O.B.; Bakker, S.J.L. Urinary
creatinine excretion, an indirect measure of muscle mass, is an independent predictor of cardiovascular
disease and mortality in the general population. Atherosclerosis 2009, 207, 534-540. Available online:
https://doi.org/10.1016/j.atherosclerosis.2009.05.010 (accessed on 10 January 2019).

Verhave, ].C.; Hillege, H.L.; Burgerhof, ].G.M.; Janssen, W.M.T.; Gansevoort, R.T.; Navis, G.].; de Zeeuw,
D.; de Jong, P.E. Sodium intake affects urinary albumin excretion especially in overweight subjects. ].
Intern. Med. 2004, 256, 324-330. Available online: https://doi.org/10.1111/j.1365-2796.2004.01390.x (accessed
on 10 January 2019).

Gruppen, E.G.,; Connelly, M.A,; Vart, P,; Otvos, ].D.; Bakker, S.J.; Dullaart, R.P. GlycA, a novel
proinflammatory glycoprotein biomarker, and high-sensitivity C-reactive protein are inversely associated
with sodium intake after controlling for adiposity: The Prevention of Renal and Vascular End-Stage
Disease study. Am. J. Clin. Nutr. 2016, 104, 415-422. Available online: https://doi.org/10.3945/ajcn.116.133744
(accessed on 10 January 2019).

Connelly, M.A.; Gruppen, E.G.; Wolak-Dinsmore, J.; Matyus, S.P.; Riphagen, L].; Shalaurova I.; Bakker,
S.J.; Otvos, J.D.; Dullaart, R.P. GlycA, a marker of acute phase glycoproteins, and the risk of incident type 2
diabetes mellitus: PREVEND study. Clin. Chim. Acta. 2016, 452, 10-17. Available online:
https://doi.org/10.1016/j.cca.2015.11.001 (accessed on 10 January 2019).



J. Clin. Med. 2019, 8, 169 15 of 16

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Abbasi, A.; Corpeleijn, E.; Postmus, D.; Gansevoort, R.T.; De Jong, P.E.; Gans, R.O.B.; Struck, J.; Hillege,
H.L,; Stolk, R.P.; Navis, G.; et al. Plasma procalcitonin and risk of type 2 diabetes in the general population.
Diabetologia. 2011, 54, 2463-2465. Available online: https://doi.org/10.1007/s00125-011-2216-3 (accessed on
10 January 2019).

Schafer, J.L.; Graham, J.W. Missing data: Our view of the state of the art. Psychol. Methods. 2002, 7, 147-177.
Available online: https://doi.org/10.1037//1082-989X.7.2.147 (accessed on 10 January 2019).

Koch, S.M.; Warters, R.D.; Mehlhorn, U. The simultaneous measurement of ionized and total calcium and
ionized and total magnesium in intensive care unit patients. J. Crit. Care. 2002, 17, 203-205. Available
online: https://doi.org/10.1053/jcrc.2002.35813 (accessed on 10 January 2019).

Van Genugten, R.E.; Utzschneider, K.M.; Tong, J.; Gerchman, F.; Zraika, S.; Udayasankar, J.; Boyko, E.J.;
Fujimoto, W.Y.; Kahn, S.E. Effects of sex and hormone replacement therapy use on the prevalence of
isolated impaired fasting glucose and isolated impaired glucose tolerance in subjects with a family history
of type 2 diabetes. Diabetes. 2006, 55, 3529-3535. Available online: https://doi.org/10.2337/db06-0577 (accessed
on 10 January 2019).

Groenestege, W.M.1.; Hoenderop, J.G.; van den Heuvel, L.; Knoers, N.; Bindels, R.]. The Epithelial Mg2
Channel Transient Receptor Potential Melastatin 6 Is Regulated by Dietary Mg2 Content and Estrogens. J.
Am. Soc. Nephrol. 2006, 17, 1035-1043. Available online: https://doi.org/10.1681/ASN.2005070700 (accessed
on 27 January 2019).

Van der Wijst, ].; Hoenderop, J.G.J.; Bindels, R.J.M. Epithelial Mg2+ channel TRPM6: Insight into the molecular
regulation. Magn Res. 2009, 22, 127-132. Available online: https://www.jle.com/10.1684/mrh.2009.0174 (accessed
on 27 January 2019).

Grochans, E.; Karakiewicz, B.; Kozielec, T.; Brodowska, A.; Brodowski, J.; Starczewski, A.; Laszczynska,
M.; Nocen, I.; Grzywacz, A.; Samochowiec, A.; et al. Serum Mg and Zn levels in postmenopausal women.
Magn. Res. 2011, 24, 209-214. Available online: https://d0i:10.1684/mrh.2011.0300 (accessed on 27 January
2019).
Muneyyirci-Delale, O.; Nacharaju, V.L.; Altura, B.M.; Altura, B.T. Sex steroid hormones modulate serum
ionized magnesium and calcium levels throughout the menstrual cycle in women. Fertil. Steril. 1998, 69,
958-962. Available online: https://doi.org/10.1016/50015-0282(98)00053-3 (accessed on 27 January 2019).
Bertinato, J.; Wu Xiao, C.; Ratnayake, W.M.; Fernandez, L.; Lavergne, C.; Wood, C.; Swist, E. Lower serum
magnesium concentration is associated with diabetes, insulin resistance, and obesity in South Asian and
white Canadian women but not men. Food Nutr. Res. 2015, 5, 59, 25974. Available online:
https://doi.org/10.3402/fnr.v59.25974 (accessed on 27 January 2019).

Brown, LR.; McBain, A.S.; Chalmers, J.; Campbell, LW.; Brown, E.R.; Lewis, M.]. Sex difference in the
relationship of calcium and magnesium excretion to glycaemic control in type 1 diabetes mellitus. Clin.
Chim. Acta. 1999, 283, 119-128. Available online: https://doi.org/10.1016/S0009-8981(99)00040-6 (accessed
on 10 January 2019).

Xu, T.; Sun, Y.; Xu, T.; Zhang, Y. Magnesium intake and cardiovascular disease mortality: A meta-analysis
of prospective cohort studies. Int. ]J. Cardiol. 2013, 167, 3044-3047. Available online:
https://doi.org/10.1016/j.ijcard.2012.11.090 (accessed on 27 January 2019).

Velat, I.; Culi¢, V. Magnesium, sex and cardiovascular mortality. Int. ]. Cardiol. 2013, 168, 4437—-4438.
Available online: https://doi.org/10.1016/j.ijcard.2013.06.154 (accessed on 27 January 2019).

Ye, H,; Cao, P.; Zhang, X,; Lin, J.; Guo, Q.; Mao, H.; Yu, X;; Yang, X. Serum magnesium and cardiovascular
mortality in peritoneal dialysis patients: A 5-year prospective cohort study. Br. J. Nutr. 2018, 120, 415-423.
Available online: https://doi.org/10.1017/50007114518001599 (accessed on 27 January 2019.

Kao, W.H,; Folsom, A.R; Nieto, F.J.; Mo, J.P.; Watson, R.L.; Brancati, F.L. Serum and dietary magnesium
and the risk for type 2 diabetes mellitus: The Atherosclerosis Risk in Communities Study. Arch. Intern.
Med. 1999, 159, 2151-2159. Available online: https://doi.org/10.1001/archinte.159.18.2151 (accessed on 10
January 2019).

Everett, C.J.; King, D.E. Serum magnesium and the development of diabetes. Nutrition 2006, 22, 679.
Available online: https://doi.org/10.1016/j.nut.2006.04.001 (accessed on 10 January 2019).

Kieboom, B.C.T.; Ligthart, S.; Dehghan, A.; Kurstjens, S.; de Baaij, ].H.F.; Franco, O.H.; Hofman, A.; Zietse,
R.; Stricker, B.H.; Hoorn, E.J. Serum magnesium and the risk of prediabetes: A population-based cohort
study. Diabetologia 2017, 60, 843-853. Available online: https://doi.org/10.1007/s00125-017-4224-4 (accessed
on 10 January 2019).



J. Clin. Med. 2019, 8, 169 16 of 16

45.

46.

47.

48.

49.

Veronese, N.; Watutantrige-Fernando, S.; Luchini, C.; Solmi, M.; Sartore, G.; Sergi, G.; Manzato, E.;
Barbagallo, M.; Maggi, S.; Stubbs, B. Effect of magnesium supplementation on glucose metabolism in
people with or at risk of diabetes: A systematic review and meta-analysis of double-blind randomized
controlled trials. Eur. ]J.  Clin.  Nutr. 2016, 70, 1354-1359. Available  online:
https://doi.org/10.1038/ejcn.2016.154 (accessed on 10 January 2019).

Wang, X.; Bao, W,; Liu, J.; Ouyang, Y.Y.; Wang, D.; Rong, S.; Xiao, X.; Shan, Z.L.; Zhang, Y.; Yao, P.; et al.
Inflammatory markers and risk of type 2 diabetes: A systematic review and meta-analysis. Diabetes Care.
2013, 36, 166-175. Available online: https://doi.org/10.2337/dc12-0702 (accessed on 10 January 2019).

Chen, S.; Jin, X,; Liu, J.; Sun, T.; Xie, M.; Bao, W.; Yu, X,; Yang, X.; Zhang, Y.; Zhang, H.; et al. Association of
Plasma Magnesium with Prediabetes and Type 2 Diabetes Mellitus in Adults. Sci. Rep. 2017, 7, 12763.
Available online: https://doi.org/10.1038/s41598-017-13050-7 (accessed on 10 January 2019).
Simental-Mendia, L.E.; Sahebkar, A.; Rodriguez-Moran, M.; Zambrano-Galvan, G.; Guerrero-Romero, F.
Effect of Magnesium Supplementation on Plasma C-reactive Protein Concentrations: A Systematic Review
and Meta-Analysis of Randomized Controlled Trials. Curr. Pharm. Des. 2017, 23, 4678-4686. Available
online: https://doi.org/10.2174/1381612823666170525153605 (accessed on 10 January 2019).

Ishimura, E.; Okuno, S.; Yamakawa, T.; Inaba, M.; Nishizawa, Y. Serum magnesium concentration is a
significant predictor of mortality in maintenance hemodialysis patients. Magn. Res. 2007, 20, 237-244.
Available online: http://www jle.com/10.1684/mrh.2007.0116 (accessed on 10 January 2019).

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
‘@ @ article distributed under the terms and conditions of the Creative Commons

Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).



