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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].
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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
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.
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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).Nutrients 2018, 10, x FOR PEER REVIEW  7 of 11 
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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.

Author Contributions: Conceptualization, K.J.L., B.Y.D.W. and D.T.; Data curation, C.A., A.D.M., S.M. and M.V.;
Formal analysis, K.J.L., C.A., S.M. and G.A.V.; Funding acquisition, D.T.; Investigation, K.J.L.; Methodology,
K.J.L., A.V.E., B.Y.D.W. and D.T.; Project administration, K.J.L., A.D.M., M.V. and A.V.E.; Resources, K.V.H. and
D.T.; Software, K.J.L.; Supervision, D.T.; Writing-original draft, K.J.L. and C.A.; Writing-review & editing, G.A.V.,
K.V.H., A.V.E., B.Y.D.W. and D.T.

Acknowledgments: We thank the nursing staff and all patients for making this observational study possible.
We also like to thank Petra Aerts, Ilse Goolaerts, Angelika Jürgens and Lieve Vits for the technical assistance.

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



Nutrients 2018, 10, 677 10 of 12

References

1. Narayanan, S.; Scalici, P. Serum magnesium levels in pediatric inpatients: A study in laboratory overuse.
Hosp. Pediatr. 2015, 5, 9–17. [CrossRef] [PubMed]

2. Abrams, S.A.; Chen, Z.; Hawthorne, K.M. Magnesium metabolism in 4-year-old to 8-year-old children.
J. Bone Miner. Res. 2014, 29, 118–122. [CrossRef] [PubMed]

3. Jahnen-Dechent, W.; Ketteler, M. Magnesium basics. Clin. Kidney J. 2012, 5, i3–i14. [CrossRef] [PubMed]
4. Weaver, C.M. Calcium and magnesium requirements of children and adolescents and peak bone mass.

Nutrition 2000, 16, 514–516. [CrossRef]
5. Kris-Etherton, P.M.; Hu, F.B.; Ros, E.; Sabate, J. The role of tree nuts and peanuts in the prevention of coronary

heart disease: Multiple potential mechanisms. J. Nutr. 2008, 138, 1746S–1751S. [CrossRef] [PubMed]
6. Heaney, R.P. Dairy and bone health. J. Am. Coll. Nutr. 2009, 28 (Suppl. 1), 82S–90S. [CrossRef] [PubMed]
7. Hurrell, R.F. Influence of vegetable protein sources on trace element and mineral bioavailability. J. Nutr.

2003, 133, 2973S–2977S. [CrossRef] [PubMed]
8. Tornaritis, M.J.; Philippou, E.; Hadjigeorgiou, C.; Kourides, Y.A.; Panayi, A.; Savva, S.C. A study of the dietary

intake of cypriot children and adolescents aged 6–18 years and the association of mother’s educational status
and children’s weight status on adherence to nutritional recommendations. BMC Public Health 2014, 14, 13.
[CrossRef] [PubMed]

9. Sanchez, C.; Aranda, P.; Perez de la Cruz, A.; Llopis, J. Magnesium and zinc status in patients with chronic
renal failure: Influence of a nutritional intervention. Magnes. Res. 2009, 22, 72–80. [PubMed]

10. Gluba-Brzozka, A.; Franczyk, B.; Rysz, J. Vegetarian diet in chronic kidney disease-a friend or foe. Nutrients
2017, 9, 374. [CrossRef] [PubMed]

11. Lameris, A.L.; Monnens, L.A.; Bindels, R.J.; Hoenderop, J.G.J. Drug-induced alterations in mg2+
homoeostasis. Clin. Sci. 2012, 123, 1–14. [CrossRef] [PubMed]

12. Milbouw, S.; Verhaegen, J.; Verrijken, A.; Schepens, T.; De Winter, B.Y.; Van Gaal, L.F.; Ledeganck, K.J.;
De Block, C.E.M. Predictors of insulin resistance in obesity and type 2 diabetes mellitus—The role of
magnesium. J. Metab. Syndr. 2017, 6, 235. [CrossRef]

13. Liu, F.; Mao, J.H. Calcineurin inhibitors and nephrotoxicity in children. World J. Pediatr. 2018, 14, 121–126.
[CrossRef] [PubMed]

14. Burdmann, E.A.; Andoh, T.F.; Lindsley, J.; Houghton, D.C.; Bennett, W.M. Effects of oral magnesium
supplementation on acute experimental cyclosporin nephrotoxicity. Nephrol. Dial. Transplant. 1994, 9, 16–21.
[PubMed]

15. Higgins, R.; Ramaiyan, K.; Dasgupta, T.; Kanji, H.; Fletcher, S.; Lam, F.; Kashi, H. Hyponatraemia
and hyperkalaemia are more frequent in renal transplant recipients treated with tacrolimus than with
cyclosporin. Further evidence for differences between cyclosporin and tacrolimus nephrotoxicities.
Nephrol. Dial. Transplant. 2004, 19, 444–450. [CrossRef] [PubMed]

16. Hoenderop, J.G.J.; Bindels, R.J.M. Epithelial ca2+ and mg2+ channels in health and disease. J. Am.
Soc. Nephrol. 2005, 16, 15–26. [CrossRef] [PubMed]

17. Schlingmann, K.P.; Waldegger, S.; Konrad, M.; Chubanov, V.; Gudermann, T. Trpm6 and trpm7—Gatekeepers
of human magnesium metabolism. Biochim. Biophys. Acta 2007, 1772, 813–821. [CrossRef] [PubMed]

18. Thebault, S.P.; Alexander, R.T.; Tiel Groenestege, W.M.; Hoenderop, J.G.; Bindels, R.J. Egf increases trpm6
activity and surface expression. J. Am. Soc. Nephrol. 2009, 20, 78–85. [CrossRef] [PubMed]

19. Groenestege, W.M.; Thebault, S.; van der Wijst, J.; van den Berg, D.; Janssen, R.; Tejpar, S.; van den Heuvel, L.P.;
van Cutsem, E.; Hoenderop, J.G.; Knoers, N.V.; et al. Impaired basolateral sorting of pro-egf causes isolated
recessive renal hypomagnesemia. J. Clin. Invest. 2007, 117, 2260–2267. [CrossRef] [PubMed]

20. Ledeganck, K.J.; Boulet, G.A.; Horvath, C.A.; Vinckx, M.; Bogers, J.J.; Van den Bossche, R.; Verpooten, G.A.;
De Winter, B.Y. Expression of renal distal tubule transporters trpm6 and ncc in a rat model of cyclosporine
nephrotoxicity and effect of egf treatment. Am. J. Physiol. Renal Physiol. 2011, 301, F486–F493. [CrossRef]
[PubMed]

21. Ledeganck, K.J.; De Winter, B.Y.; Van den Driessche, A.; Jurgens, A.; Bosmans, J.L.; Couttenye, M.M.;
Verpooten, G.A. Magnesium loss in cyclosporine-treated patients is related to renal epidermal growth factor
downregulation. Nephrol. Dial. Transplant. 2013, 29, 1097–1102. [CrossRef] [PubMed]

http://dx.doi.org/10.1542/hpeds.2014-0015
http://www.ncbi.nlm.nih.gov/pubmed/25554754
http://dx.doi.org/10.1002/jbmr.2021
http://www.ncbi.nlm.nih.gov/pubmed/23787702
http://dx.doi.org/10.1093/ndtplus/sfr163
http://www.ncbi.nlm.nih.gov/pubmed/26069819
http://dx.doi.org/10.1016/S0899-9007(00)00318-X
http://dx.doi.org/10.1093/jn/138.9.1746S
http://www.ncbi.nlm.nih.gov/pubmed/18716180
http://dx.doi.org/10.1080/07315724.2009.10719808
http://www.ncbi.nlm.nih.gov/pubmed/19571166
http://dx.doi.org/10.1093/jn/133.9.2973S
http://www.ncbi.nlm.nih.gov/pubmed/12949395
http://dx.doi.org/10.1186/1471-2458-14-13
http://www.ncbi.nlm.nih.gov/pubmed/24400785
http://www.ncbi.nlm.nih.gov/pubmed/19658276
http://dx.doi.org/10.3390/nu9040374
http://www.ncbi.nlm.nih.gov/pubmed/28394274
http://dx.doi.org/10.1042/CS20120045
http://www.ncbi.nlm.nih.gov/pubmed/22409531
http://dx.doi.org/10.4172/2167-0943.1000235
http://dx.doi.org/10.1007/s12519-018-0125-y
http://www.ncbi.nlm.nih.gov/pubmed/29532435
http://www.ncbi.nlm.nih.gov/pubmed/8177471
http://dx.doi.org/10.1093/ndt/gfg515
http://www.ncbi.nlm.nih.gov/pubmed/14736972
http://dx.doi.org/10.1681/ASN.2004070523
http://www.ncbi.nlm.nih.gov/pubmed/15574510
http://dx.doi.org/10.1016/j.bbadis.2007.03.009
http://www.ncbi.nlm.nih.gov/pubmed/17481860
http://dx.doi.org/10.1681/ASN.2008030327
http://www.ncbi.nlm.nih.gov/pubmed/19073827
http://dx.doi.org/10.1172/JCI31680
http://www.ncbi.nlm.nih.gov/pubmed/17671655
http://dx.doi.org/10.1152/ajprenal.00116.2011
http://www.ncbi.nlm.nih.gov/pubmed/21653632
http://dx.doi.org/10.1093/ndt/gft498
http://www.ncbi.nlm.nih.gov/pubmed/24353324


Nutrients 2018, 10, 677 11 of 12

22. Zeng, F.; Harris, R.C. Epidermal growth factor, from gene organization to bedside. Semin. Cell Dev. Biol.
2014, 28, 2–11. [CrossRef] [PubMed]

23. Tomaszewska, R.; Dembinski, A.; Warzecha, Z.; Ceranowicz, P.; Konturek, S.J.; Stachura, J. The influence
of epidermal growth factor on the course of ischemia-reperfusion induced pancreatitis in rats.
J. Physiol. Pharmacol. 2002, 53, 183–198. [PubMed]

24. Warzecha, Z.; Dembinski, A.; Konturek, P.C.; Ceranowicz, P.; Konturek, S.J. Epidermal growth factor protects
against pancreatic damage in cerulein-induced pancreatitis. Digestion 1999, 60, 314–323. [CrossRef] [PubMed]

25. Konturek, P.C.; Dembinski, A.; Warzecha, Z.; Ceranowicz, P.; Konturek, S.J.; Stachura, J.; Hahn, E.G.
Expression of transforming growth factor-beta 1 and epidermal growth factor in caerulein-induced
pancreatitis in rat. J. Physiol. Pharmacol. 1997, 48, 59–72. [PubMed]

26. Bennett, S.P.; Griffiths, G.D.; Schor, A.M.; Leese, G.P.; Schor, S.L. Growth factors in the treatment of diabetic
foot ulcers. Br. J. Surg. 2003, 90, 133–146. [CrossRef] [PubMed]

27. Huysentruyt, K.; Laire, D.; Van Avondt, T.; De Schepper, J.; Vandenplas, Y. Energy and macronutrient intakes
and adherence to dietary guidelines of infants and toddlers in belgium. Eur. J. Nutr. 2016, 55, 1595–1604.
[CrossRef] [PubMed]

28. Cochat, P. Espn Handbook; European Society for Paediatric Nephrology; Medcom: Lyon, France, 2002.
29. Schwartz, G.J.; Munoz, A.; Schneider, M.F.; Mak, R.H.; Kaskel, F.; Warady, B.A.; Furth, S.L. New equations to

estimate gfr in children with ckd. J. Am. Soc. Nephrol. 2009, 20, 629–637. [CrossRef] [PubMed]
30. Cao, G.; van der Wijst, J.; van der Kemp, A.; van Zeeland, F.; Bindels, R.J.; Hoenderop, J.G. Regulation of the

epithelial mg2+ channel trpm6 by estrogen and the associated repressor protein of estrogen receptor activity
(rea). J. Biol. Chem. 2009, 284, 14788–14795. [CrossRef] [PubMed]

31. Nozue, T.; Kobayashi, A.; Kodama, T.; Uemasu, F.; Endoh, H.; Sako, A.; Takagi, Y. Pathogenesis of
cyclosporine-induced hypomagnesemia. J. Pediatr. 1992, 120, 638–640. [CrossRef]

32. Riva, N.; Schaiquevich, P.; Caceres Guido, P.; Halac, E.; Dip, M.; Imventarza, O. Pharmacoepidemiology of
tacrolimus in pediatric liver transplantation. Pediatr. Transplant. 2017, 21. [CrossRef] [PubMed]

33. Hayes, W.; Boyle, S.; Carroll, A.; Bockenhauer, D.; Marks, S.D. Hypomagnesemia and increased risk of
new-onset diabetes mellitus after transplantation in pediatric renal transplant recipients. Pediatr. Nephrol.
2017, 32, 879–884. [CrossRef] [PubMed]

34. Yanik, G.; Levine, J.E.; Ratanatharathorn, V.; Dunn, R.; Ferrara, J.; Hutchinson, R.J. Tacrolimus (fk506)
and methotrexate as prophylaxis for acute graft-versus-host disease in pediatric allogeneic stem cell
transplantation. Bone Marrow Transplant. 2000, 26, 161–167. [CrossRef] [PubMed]

35. Nijenhuis, T.; Hoenderop, J.G.; Bindels, R.J. Downregulation of ca(2+) and mg(2+) transport proteins in the
kidney explains tacrolimus (fk506)-induced hypercalciuria and hypomagnesemia. J. Am. Soc. Nephrol. 2004,
15, 549–557. [CrossRef] [PubMed]

36. Freundlich, M. Bone mineral content and mineral metabolism during cyclosporine treatment of nephrotic
syndrome. J. Pediatr. 2006, 149, 383–389. [CrossRef] [PubMed]

37. Ariceta, G.; Rodriguez-Soriano, J.; Vallo, A. Renal magnesium handling in infants and children. Acta Paediatr.
1996, 85, 1019–1023. [CrossRef] [PubMed]

38. Viering, D.; de Baaij, J.H.F.; Walsh, S.B.; Kleta, R.; Bockenhauer, D. Genetic causes of hypomagnesemia,
a clinical overview. Pediatr. Nephrol. 2017, 32, 1123–1135. [CrossRef] [PubMed]

39. Whang, R. Magnesium deficiency: Pathogenesis, prevalence, and clinical implications. Am. J. Med. 1987, 82,
24–29. [CrossRef]

40. Agus, Z.S. Mechanisms and causes of hypomagnesemia. Curr. Opin. Nephrol. Hypertens. 2016, 25, 301–307.
[CrossRef] [PubMed]

41. Gheissari, A.; Andalib, A.; Labibzadeh, N.; Modarresi, M.; Azhir, A.; Merrikhi, A. Fractional excretion of
magnesium (femg), a marker for tubular dysfunction in children with clinically recovered ischemic acute
tubular necrosis. Saudi J. Kidney Dis. Transpl. 2011, 22, 476–481. [PubMed]

42. Zylka, A.; Gala-Bladzinska, A.; Dumnicka, P.; Ceranowicz, P.; Kuzniewski, M.; Gil, K.; Olszanecki, R.;
Kusnierz-Cabala, B. Is urinary ngal determination useful for monitoring kidney function and assessment of
cardiovascular disease? A 12-month observation of patients with type 2 diabetes. Dis. Markers 2016, 2016,
8489543. [CrossRef] [PubMed]

43. Shlipak, M.G.; Mattes, M.D.; Peralta, C.A. Update on cystatin c: Incorporation into clinical practice. Am. J.
Kidney Dis. 2013, 62, 595–603. [CrossRef] [PubMed]

http://dx.doi.org/10.1016/j.semcdb.2014.01.011
http://www.ncbi.nlm.nih.gov/pubmed/24513230
http://www.ncbi.nlm.nih.gov/pubmed/12120895
http://dx.doi.org/10.1159/000007677
http://www.ncbi.nlm.nih.gov/pubmed/10394025
http://www.ncbi.nlm.nih.gov/pubmed/9098826
http://dx.doi.org/10.1002/bjs.4019
http://www.ncbi.nlm.nih.gov/pubmed/12555288
http://dx.doi.org/10.1007/s00394-015-0978-y
http://www.ncbi.nlm.nih.gov/pubmed/26246202
http://dx.doi.org/10.1681/ASN.2008030287
http://www.ncbi.nlm.nih.gov/pubmed/19158356
http://dx.doi.org/10.1074/jbc.M808752200
http://www.ncbi.nlm.nih.gov/pubmed/19329436
http://dx.doi.org/10.1016/S0022-3476(05)82497-7
http://dx.doi.org/10.1111/petr.12982
http://www.ncbi.nlm.nih.gov/pubmed/28574195
http://dx.doi.org/10.1007/s00467-016-3571-6
http://www.ncbi.nlm.nih.gov/pubmed/28039534
http://dx.doi.org/10.1038/sj.bmt.1702472
http://www.ncbi.nlm.nih.gov/pubmed/10918426
http://dx.doi.org/10.1097/01.ASN.0000113318.56023.B6
http://www.ncbi.nlm.nih.gov/pubmed/14978156
http://dx.doi.org/10.1016/j.jpeds.2006.04.060
http://www.ncbi.nlm.nih.gov/pubmed/16939753
http://dx.doi.org/10.1111/j.1651-2227.1996.tb14209.x
http://www.ncbi.nlm.nih.gov/pubmed/8888910
http://dx.doi.org/10.1007/s00467-016-3416-3
http://www.ncbi.nlm.nih.gov/pubmed/27234911
http://dx.doi.org/10.1016/0002-9343(87)90129-X
http://dx.doi.org/10.1097/MNH.0000000000000238
http://www.ncbi.nlm.nih.gov/pubmed/27219040
http://www.ncbi.nlm.nih.gov/pubmed/21566303
http://dx.doi.org/10.1155/2016/8489543
http://www.ncbi.nlm.nih.gov/pubmed/28050059
http://dx.doi.org/10.1053/j.ajkd.2013.03.027
http://www.ncbi.nlm.nih.gov/pubmed/23701892


Nutrients 2018, 10, 677 12 of 12

44. Geist, B.K.; Diemling, M.; Staudenherz, A. Glomerular filtration rate and error calculation based on the
slope-intercept method with chromium-51 ethylenediaminetetraacetic acid via a new clinical software:
Gfrcalc. Med. Princ. Pract. 2016, 25, 368–373. [CrossRef] [PubMed]

45. Uslu Gokceoglu, A.; Comak, E.; Dogan, C.S.; Koyun, M.; Akbas, H.; Akman, S. Magnesium excretion
and hypomagnesemia in pediatric renal transplant recipients. Ren. Fail. 2014, 36, 1056–1059. [CrossRef]
[PubMed]

46. Osorio, J.M.; Bravo, J.; Perez, A.; Ferreyra, C.; Osuna, A. Magnesemia in renal transplant recipients: Relation
with immunosuppression and posttransplant diabetes. Transplant. Proc. 2010, 42, 2910–2913. [CrossRef]
[PubMed]

47. Slev, P.R.; Bunker, A.M.; Owen, W.E.; Roberts, W.L. Pediatric reference intervals for random urine calcium,
phosphorus and total protein. Pediatr. Nephrol. 2010, 25, 1707–1710. [CrossRef] [PubMed]

48. Ariceta, G. Clinical practice: Proteinuria. Eur. J. Pediatr. 2011, 170, 15–20. [CrossRef] [PubMed]
49. Lopez-Sobaler, A.M.; Aparicio, A.; Gonzalez-Rodriguez, L.G.; Cuadrado-Soto, E.; Rubio, J.; Marcos, V.;

Sanchidrian, R.; Santos, S.; Perez-Farinos, N.; Dal Re, M.A.; et al. Adequacy of usual vitamin and mineral
intake in spanish children and adolescents: Enalia study. Nutrients 2017, 9, 131. [CrossRef] [PubMed]

50. Manios, Y.; Moschonis, G.; Mavrogianni, C.; Bos, R.; Singh-Povel, C. Micronutrient intakes among children
and adults in greece: The role of age, sex and socio-economic status. Nutrients 2014, 6, 4073–4092. [CrossRef]
[PubMed]

51. Affenito, S.G.; Thompson, D.R.; Franko, D.L.; Striegel-Moore, R.H.; Daniels, S.R.; Barton, B.A.; Schreiber, G.B.;
Schmidt, M.; Crawford, P.B. Longitudinal assessment of micronutrient intake among african-american and
white girls: The national heart, lung, and blood institute growth and health study. J. Am. Diet. Assoc. 2007,
107, 1113–1123. [CrossRef] [PubMed]

© 2018 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/).

http://dx.doi.org/10.1159/000445028
http://www.ncbi.nlm.nih.gov/pubmed/26925969
http://dx.doi.org/10.3109/0886022X.2014.917561
http://www.ncbi.nlm.nih.gov/pubmed/24828469
http://dx.doi.org/10.1016/j.transproceed.2010.08.016
http://www.ncbi.nlm.nih.gov/pubmed/20970568
http://dx.doi.org/10.1007/s00467-010-1544-8
http://www.ncbi.nlm.nih.gov/pubmed/20473690
http://dx.doi.org/10.1007/s00431-010-1334-0
http://www.ncbi.nlm.nih.gov/pubmed/21063728
http://dx.doi.org/10.3390/nu9020131
http://www.ncbi.nlm.nih.gov/pubmed/28208814
http://dx.doi.org/10.3390/nu6104073
http://www.ncbi.nlm.nih.gov/pubmed/25285410
http://dx.doi.org/10.1016/j.jada.2007.04.014
http://www.ncbi.nlm.nih.gov/pubmed/17604740
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Study Design 
	Magnesium Intake Questionnaire and Nubel® 
	Determination of Creatinine, Magnesium, and CsA Levels 
	Determination of Urinary EGF 
	Statistical Analysis 

	Results 
	Population Demographics 
	Kidney Function, Magnesium, EGF, and CNI Levels 
	Magnesium Intake 
	The Healthy Control Group 
	Predictors of FE Mg2+ 

	Discussion 
	Conclusions 
	References

