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Summary

Post-transplantation hypomagnesemia is common and predicts diabetes. Magne-

sium improves glycemic control in diabetics and insulin sensitivity in insulin

resistant subjects. We aimed to assess the effectiveness of oral magnesium for

improving glycemic control and insulin sensitivity at 3 months post-transplanta-

tion. We conducted a single-center, open-label, randomized parallel group study.

We included adults with serum magnesium <1.7 mg/dl within 2 weeks after kid-

ney transplantation. We randomized participants to 450 mg magnesium oxide up

to three times daily or no treatment. The primary endpoint was the mean differ-

ence in fasting glycemia. Secondary endpoints were the mean difference in area

under the curve (AUC) of glucose during an oral glucose tolerance test and insu-

lin resistance measured by Homeostasis Model of Assessment-Insulin Resistance

(HOMA-IR). Analyses were on intention-to-treat basis. In patients randomized

to magnesium oxide (N = 27) versus no treatment (N = 27), fasting glycemia on

average was 11.5 mg/dl lower (95% CI 1.7 to 21.3; P = 0.02). There was no differ-

ence between the two groups neither for 2 h AUC, where the mean value was

1164 mg/dl/min (95% CI �1884 to 4284; P = 0.45) lower in the treatment group

nor for HOMA-IR. Magnesium supplements modestly improved fasting glycemia

without effect on insulin resistance. Higher baseline glycemia among patients in

the control group may have driven the positive outcome (ClinicalTrials.gov num-

ber: NCT01889576).

Introduction

Hypomagnesemia occurs often after kidney transplanta-

tion, especially when patients are treated with a calcineurin

inhibitor (CNI) [1–3]. It is associated with an impaired

glucose metabolism and predicts the later development of

diabetes, both in transplant recipients as in the general pop-

ulation [3–7]. Dietary induction of magnesium deficiency

in both healthy volunteers and rodents reduces insulin sen-

sitivity through impairment of the tyrosine kinase activity

of the insulin receptor, and raises the fasting glycemia [8–
10]. This supports a causal mechanism for the association

between hypomagnesemia and diabetes. Also, in random-

ized controlled trials (RCT), magnesium supplements

improve glycemic control and/or insulin sensitivity in

diabetics, overweight insulin-resistant and healthy adults

[11–14]. After transplantation, glucose metabolism is often

disturbed, and this condition has been associated with

increased cardiovascular morbidity and mortality [15–18].
No RCT, however, has examined the role of magnesium

supplements on glucose metabolism after transplantation.

Aims

We aimed to assess whether oral magnesium supplements

improve glycemic control and insulin sensitivity at

3 months after transplantation. The primary endpoint was

the mean difference in fasting serum glucose concentration.
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Secondary endpoints were the mean difference in area

under the curve of glucose during an oral glucose tolerance

test (OGTT) and insulin resistance measured by Homeosta-

sis Model of Assessment-Insulin Resistance (HOMA-IR)

index.

Materials and methods

We conducted a single-center, open-label, randomized trial

with parallel groups in accordance with the ethical princi-

ples of the Declaration of Helsinki, the Good Clinical Prac-

tice guidelines of the International Conference on

Harmonization, and local regulatory requirements. The

study was approved by the local ethics committee. The trial

was registered at ClinicalTrials.gov as NCT01889576.

Participants

Patients were recruited at Ghent University Hospital in Bel-

gium. Participants were eligible if they had at least two

serial serum magnesium concentration measurements

<1.7 mg/dl (0.7 mmol/l) within 2 weeks after kidney trans-

plantation.

Study treatment

Fixed-protocol immunosuppressive therapy consisted of

induction by basiliximab and maintenance treatment of ta-

crolimus with a target concentration 10–15 ng/ml the first

month and 8–10 ng/ml afterward up to month three, my-

cophenolate mofetil 1 g twice daily and methylpredniso-

lone, tapered to six mg daily at month three.

Patients could not be included in the study if they either

were younger than 18 years of age, had existing diabetes

mellitus, or had >10% panel-reactive antibodies. In addi-

tion, a serum C-reactive protein concentration >30 mg/l, a

serum creatinine concentration >3 mg/dl, a serum calcium

concentration <6.5 mg/dl a serum potassium concentra-

tion <3.5 mmol/l, or intake of digoxin or magnesium were

exclusion criteria.

We randomly assigned patients to receive either oral

magnesium oxide or no treatment using a computer-gener-

ated list of random numbers, with allocation concealed in

sequentially numbered sealed envelopes.

In the active treatment group, patients received a starting

dose of 450 mg oral magnesium oxide, which we increased

during study follow-up up to a predefined maximum of

three times daily, aiming for serum magnesium concentra-

tions ≥1.9 mg/dl. In the control group, patients did not

take magnesium oxide, unless the serum magnesium con-

centration dropped <1.2 mg/dl. In that case, we gave par-

ticipants 450 mg daily to raise the serum magnesium

concentration ≥1.2 mg/dl.

Study outcomes

The primary outcome was fasting serum glucose concentra-

tion at 3 months after kidney transplantation. Secondary

endpoints were the 2 h area under the curve (AUC) of gly-

cemia based on the trapezoid rule [19] and insulin resis-

tance, assessed by the homeostasis model assessment-

estimated insulin-resistance (HOMA-IR) index [20] both

at 3 months after kidney transplantation.

In a post hoc sensitivity analysis we compared the change

in fasting glycaemia between both groups to correct for dif-

ferences in baseline glycemia. Also, we adjusted for tacroli-

mus concentrations at month three to correct for

differences which might affect the primary outcome, con-

sidering the direct effects of tacrolimus on beta-cell func-

tion [21]. New-onset diabetes after transplantation

(NODAT) and impaired fasting glucose were defined

according to American Diabetes Association criteria [22],

and their incidence in both the treatment and control

group was reported next to the evolution of serum magne-

sium concentration in these patients.

The fractional urinary magnesium concentration was

calculated both baseline and at month three by the formula:

100 9 (UMg 9 Pcreatinine)/(0.7 9 Ucreatinine 9 PMg) (%),

where UMg = urinary magnesium concentration;

Pcreatinine = serum creatinine; Ucreatinine = urinary creati-

nine and PMg = serum magnesium concentration.

Persisting hypomagnesemia was defined as the inability to

increase serum magnesium concentration both through

supplementation (in the intervention group) or spontane-

ously (in the controls). Insulin resistance was defined as a

HOMA-IR ≥2.
Side effects and/or adverse events were prospectively

reported. Diarrhea was defined as three or more liquid

stools per day.

Statistical analysis

We estimated that with a study sample of 34 patients (17 in

each group), the study would have 80% power to detect a

clinically important difference in the absolute difference in

fasting serum glucose concentration of approximately

10 mg/dl between the two groups, assuming a standard

deviation of 10 mg/dl and a two-sided type one error rate

of 5%. The expected standard deviation was determined

based on glycemia measurements 3 weeks after kidney

transplantation, measured by van Duijnhoven et al. [23],

but we chose more conservative values. We have presented

summaries of continuous variables as means with standard

deviations for normally distributed data and medians with

interquartile ranges for skewed data.

We compared continuous variables using a Student’s t-

test and a Mann–Whitney U-test or Spearman’s correlation
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coefficient, if appropriate for non-normally distributed

data.

We generated the statistical analyses with SPSS software,

version 21.0 of the SPSS system for Windows (SPSS Inc,

Chicago, IL, USA). All statistical tests were two-tailed and a

P-value <0.05 was considered to indicate statistical signifi-

cance.

Results

Between January 2010 to June 2012, we randomized a total

of 54 patients to treatment with magnesium oxide

(N = 27) or no treatment (N = 27; Fig. 1).

Baseline characteristics of the patients allocated to the treat-

ment or control group are described in Table 1. Both groups

were rather well balanced without significant differences.

The mean dose of magnesium oxide in the treatment

group was 1145 (�221) mg, while six patients in the con-

trol group were taking rescue magnesium supplements with

a mean overall dose of 84 mg. Dosing of corticosteroids in

both groups was not significantly different at month three

(P = 0.73).

Primary and secondary outcome

The primary analysis was intention-to-treat and involved

all participants who were randomly assigned. Apart from

two patients in the control group, who opted out of the

study due to the demands of the protocol, only patients

with early NODAT necessitating the initiation of antidia-

betic drugs (N = 5) had no assessment of fasting glycemia

3 months after inclusion (Fig. 1).

Fasting serum glucose concentration was 11.5 mg/dl

lower for patients treated with magnesium oxide than for

patients not receiving magnesium supplements (95% CI

1.7–21.3; P = 0.02).

Four patients (14.8%) in the treatment arm developed

NODAT versus 6/27 (22.2%) in the control group, corre-

sponding to a nonsignificant relative risk reduction of 23%;

RR = 0.67 (95% CI 0.22–1.97; P = 0.49). In the treatment

group, 8/27 (29.6%) vs. 11/25 (44%) in the control group

developed impaired fasting glucose, also with a nonsignifi-

cant relative risk reduction of 23%; RR = 0.67 (95% CI

0.32–1.37; P = 0.28; Fig. 2).

Apart from two patients in the control group, who with-

drew from the study, seven patients with early NODAT had

no evaluation by OGTT or insulin measurement at month

three (Fig. 1). Three patients were diagnosed as having

NODAT at the time of OGTT. The 2 h-AUC of glucose

was not significantly lower in the treatment group versus

the control group with a mean difference of 1164 mg/dl/

min (95% CI �1884 to 4284; P = 0.45; Table 2). There was

no difference in HOMA-IR between the treated versus the

control patients. Serum magnesium at month three corre-

lated with serum insulin and HOMA (r = �0.683;

P < 0.001 and r = �0.48; P = 0.001, respectively) in the

Figure 1 Flow diagram. NODAT = new-onset diabetes after transplantation.
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control and to a lesser degree in the treatment group

(r = �0.398; P = 0.05 and r = �0.447; P = 0.03, respec-

tively; Fig. 3).

Post-hoc exploratory analyses

Adjustment for tacrolimus concentrations at month three

did not attenuate the significance level of the difference in

fasting glycemia (P < 0.01). The median tacrolimus con-

centration during follow-up was not different between both

groups. The change in glycemia from baseline to study end-

point at month three was not significantly lower in the

treatment versus the control group (P = 0.28 after adjust-

ment for tacrolimus drug concentrations at month three).

The mean rise in serum magnesium concentration at

month three versus baseline was 0.11 mg/dl (95% CI �0.01

to 0.23 mg/dl; P = 0.06) higher in the treatment than the

control group.

Overall, 20/54 or 37% of the study population had per-

sisting hypomagnesemia, 7/27 (25.9%) in the treatment

group and 13/27 (48.1%) in the control group (P = 0.09).

These patients were more likely insulin resistant at month

three (85.7% vs. 42.4%; P < 0.01) and had a baseline

HOMA which was one unit higher (95% CI 0.1–2;
P = 0.04) than patients without persisting hypomagnese-

mia. Persisting hypomagnesemia was associated with

impaired glucose tolerance (Fig. 4). Fractional magnesium

excretion at month three was not significantly lower in

patients with persisting hypomagnesemia versus patients

with increasing serum magnesium (5.8 � 3.4 vs.

8.4 � 4.4%; P = 0.12) but also in insulin-resistant versus

insulin-sensitive patients (6.3 � 3.5 vs. 9.2 � 4.7%;

P = 0.04).

Patients later diagnosed with NODAT or insulin resis-

tance had early-onset and persisting hypomagnesemia and

serum magnesium concentrations at month three were

respectively 0.15 mg/dl (95% CI 0.02 to 0.28; P = 0.03)

and 0.18 mg/dl (95% CI 0.09 to 0.028; P < 0.001) lower

than patients not developing NODAT or being insulin sen-

sitive.

Adverse events

In the treatment group, 10/27 (37.0%) of the patients

reported diarrhea versus 7/27 (25.9%) in the control group

(P = 0.38). Adverse events did not occur significantly more

in the treatment versus the control group with respectively

22/27 and 18/27 events of which respectively nine and seven

were infections and seven and six hypertension. One

patient in the treatment group developed an ischemic cere-

brovascular accident, but no patient discontinued the study

due to adverse events.

Two patients in the control group versus none in the

treatment group developed acute rejection necessitating

Table 1. Baseline characteristics of treatment and control group.

Characteristic Mg oxide (n = 27) Controls (n = 27) P-value

Age (years) 54.3 � 11.9 48.5 � 11.5 0.08

Male gender (%) 51.9 74.1 0.09

BMI (kg/m2) 24.8 � 3.3 25.4 � 3.8 0.56

MAP (mmHg) 94.4 � 14.1 101.6 � 16.5 0.09

Donor age (years) 46.7 � 17.7 40.8 � 12.6 0.16

Polycystic kidney

disease (%)

22.2 22.2 1.00

Proton pump

inhibitors (%)

63.0 44.4 0.17

RAAS blockers (%) 33.3 18.5 0.21

Diuretics (%) 14.8 7.4 0.39

HOMA 2.3 � 1.6 2.5 � 1.8 0.71

Glucose (mg/dl) 91.4 � 16.5 98.8 � 18.4 0.13

Triglycerides (mg/dl) 150 (69) 155 (116) 0.21

Creatinine (mg/dl) 1.54 � 0.47 1.58 � 0.53 0.74

Adiponectin (lg/ml) 105.2 � 66.9 127.2 � 62.9 0.37

CRP (mg/dl) 0.5 (0.6) 0.4 (0.9) 0.74

FEMg (%) 14 (10) 11 (7) 0.89

Serum Mg2+ (mg/dl) 1.45 � 0.13 1.47 � 0.15 0.57

Erythrocyte Mg2+

(mg/dl)

5.68 � 1.00 6.07 � 0.84 0.13

Pretransplantation

Mg2+ (mg/dl)

2.07 � 0.31 2.11 � 0.24 0.19

Serum K+ (mmol/l) 4.43 � 0.55 4.55 � 0.58 0.43

Tacrolimus (ng/ml) 10.9 � 2.5 9.8 � 2.9 0.13

HOMA, homeostasis model of assessment; AUC, area under the curve;

Mg2+, magnesium; FE Mg2+, fractional excretion of magnesium.

Mean � SD or median (IQR) or percentages. Values are at the time of

randomization except for pretransplantation Mg2+.

Figure 2 The effect of magnesium supplements on the relative risk of

new-onset diabetes after transplantation and impaired fasting glucose

the first 3 months after transplantation. IFG = impaired fasting glucose;

NODAT = new-onset diabetes after transplantation. Four patients

(14.8%) in the treatment arm developed NODAT versus 6/27 (22.2%)

in the control group, corresponding to a relative risk reduction of 23%;

RR = 0.67 (95% CI 0.22–1.97; P = 0.49). In the treatment group, 8/27

(29.6%) versus 11/25 (44%) in the control group developed impaired

fasting glucose, also with a relative risk reduction of 23%; RR = 0.67

(95% CI 0.32–1.37; P = 0.28).

898 © 2014 Steunstichting ESOT 27 (2014) 895–902

Magnesium and post-transplant glucose metabolism Van Laecke et al.



boluses of corticosteroids during the first 3 months after

transplantation. Both these patients had no later abnormal-

ities in glucose metabolism including impaired fasting

glucose, NODAT or impaired glucose tolerance.

Table 2. Treatment effects.

Controls (N = 27) Mg oxide (N = 27)

Difference (95% CI) P-valueBaseline Month 3 Baseline Month 3

Primary outcome

Glucose (mg/dl) 98.8 � 18.4 104.1 � 21.9 91.4 � 16.5 92.6 � 9.6 11.5 (1.7 to 21.3) 0.02*

Secondary outcome

AUC glucose (mg/dl/min) 17472 � 5940 16308 � 4104 1164 (�1884 to 4284) 0.45

HOMA 2.51 � 1.84 3.49 � 5.78 2.33 � 1.64 3.36 � 5.69 0.12 (�3.25 to 3.50) 0.94

Magnesium status

Serum Mg2+ (mg/dl) 1.47 � 0.15 1.49 � 0.18 1.45 � 0.13 1.58 � 0.21 �0.09 (�0.19 to 0.02) 0.10

Erythrocyte Mg2+ (mg/dl) 6.07 � 0.84 4.55 � 0.88 5.68 � 1.00 4.83 � 0.69 �0.29 (�0.76 to 0.18) 0.23

Delta serum Mg2+ (mg/dl) NA 0.02 � 0.22 NA 0.13 � 0.21 �0.11 (�0.23 to 0.01) 0.06

Delta Erythrocyte Mg2+ (mg/dl) NA �1.54 � 0.96 NA 0.88 � 1.21 �0.66 (�1.32 to 0.00) 0.05

FE Mg2+ (%) 14.2 � 9.7 6.6 � 2.9 15.2 � 11.5 9.1 � 5.2 �2.5 (�5.2 to 0.2) 0.07

Tacrolimus at month 3 (ng/ml) 9.8 � 2.9 7.8 � 3.9 10.9 � 2.5 10.5 � 4.3 �2.7 (�5.0 to �0.5) 0.02

Tacrolimus median

follow-up (ng/ml)

NA 10.9 � 1.3 NA 10.9 � 1.2 0.02 (�0.67 to 0.71) 0.95

HOMA, homeostasis model of assessment; AUC, area under the curve; Mg2+, magnesium; FE Mg2+, fractional excretion of magnesium; NA, not appli-

cable.

*P < 0.01 after adjustment for tacrolimus concentration at month three.

Figure 3 The relationship between serum magnesium and insulin and

its interaction with magnesium supplementation. There is a good corre-

lation between insulin and serum magnesium concentrations at month

three, the study endpoint (r = �0.683; P < 0.001) in the nonsupple-

mented group and to a lesser degree in the supplementation group

(r = �0.398; P = 0.05).

Figure 4 Impaired glucose metabolism in renal transplant recipients

with persisting hypomagnesemia. Glycemia at time points 30, 60 and

120 min is depicted after oral glucose tolerance test. The area under

the curve (AUC; mg/dl/min) is higher in the patients with persisting

hypomagnesemia versus the patients with increasing serum magnesium

(20 880 � 4200 vs. 15 120 � 3240; P = 0.003) pointing to decreased

glucose tolerance in patients with persisting hypomagnesemia, which is

defined as the absence of a rise of serum magnesium concentration

after 3 months of magnesium supplementation. An oral glucose

tolerance test was performed at month three, the study end point. Gly-

cemia was higher in patients with versus without persisting hypomag-

nesemia at 60 and 120 min (both with a P- value of <0.01). Error bars:

�1 SEM.
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Discussion

This is the first randomized controlled trial to study the

effect of magnesium supplements on glucose metabolism

after transplantation, whereas previously, only two small

controlled trials in renal transplant recipients on cyclospor-

ine studied the effect of magnesium oxide on blood pres-

sure and lipid control [24,25]. High doses of magnesium

oxide in our study had a beneficial but minor effect on gly-

cemic control. Yet, the baseline serum glucose concentra-

tion in the control group was higher than in the treatment

group possibly influencing outcome. We observed no sig-

nificant effect of magnesium supplementation on the AUC

of glucose as proxy of insulin secretion and/or insulin-med-

iated glucose disposal nor on insulin sensitivity.

Diabetes is associated with lower intra- and extracellular

magnesium concentrations [26–29]. Proposed mechanisms

to explain this consistent finding are the increased renal

magnesium wasting through insulin resistance as well as

osmotic diuresis and proteinuria [29,30]. Hypomagnese-

mia, however, also might play a causative role in the devel-

opment of diabetes as its dietary induction decreases

insulin sensitivity and/or insulin secretion in both human

volunteers and rodents [8–10]. More recently, hypomagne-

semia was also associated with decreased insulin secretion

in nondiabetics [31,32]. A systematic review including 9

RCT of 370 patients with type 2 diabetes found that a med-

ian daily magnesium dose of 360 mg leads to a 10 mg/dl

(95% CI 2 to 20; P = 0.03) greater decrease of fasting glyce-

mia as compared with the placebo group, albeit with signif-

icant heterogeneity (P for heterogeneity = 0.02) [11]. This

outcome is mostly attributed to an improvement of insulin

sensitivity, which was observed as well in a RCT in obese,

insulin-resistant, normomagnesemic subjects without dia-

betes [13]. According to a recent meta-analysis, higher

magnesium intake in a population over more than 50 000

subjects of European descent was associated with lower

fasting glucose and insulin concentrations [33].

Both hypomagnesemia [1–3,34] and NODAT [3,35] are

common after transplantation. Insulin hyposecretion is

essential in the pathophysiology of CNI-induced NODAT

[35–38]. However, also insulin resistance plays a negative

role [37] and especially tacrolimus acts synergistically with

the reduced insulin sensitivity caused by high doses of cor-

ticosteroids the first months after transplantation [39].

Early hypomagnesemia after transplantation predicts the

later development of glucose disturbances including NO-

DAT [3–5], but could as well be the early manifestation of

a disturbed glucose metabolism and insulin resistance.

Considering the absence of recommendations on when or

whether to supplement hypomagnesemia, we studied the

potential clinical usefulness of magnesium supplements for

glucose metabolism after transplantation.

Whereas the major strength of this study is its random-

ized nature in a single center, resulting in similar treat-

ments besides the intervention, this study has limitations.

Retrospectively, our study seems underpowered to detect

significant outcome differences. The standard deviation of

the mean fasting glucose concentration in the control

group at month three was higher than expected from litera-

ture data [23]. Also, one in four patients in the treatment

group had no rise in serum magnesium despite reasonably

high doses of magnesium oxide. Despite increments of

serum magnesium caused by magnesium oxide of 0.36–
0.50 mg/dl in the two preliminary trials in renal transplant

recipients [24,25], exceeding our increase of 0.13 mg/dl,

magnesium oxide presumably is not the most suitable for-

mulation. This is reminiscent of trials questioning its effi-

cacy because of lower bio-availability compared with

organic magnesium salts [40]. Possibly, disparities in tim-

ing of supplementation and consequent drug exposure next

to use of tacrolimus versus cyclosporine can also explain

the smaller effect size of our intervention compared with

the previously mentioned trials. Nonadherence might have

been present but is difficult to account for. Mechanistically,

tacrolimus-induced dose-dependent renal magnesium

wasting at the distal tubulus by decreased expression of the

magnesium transporter transient receptor of potential me-

lastatin 6 (TRPM6) [41] could explain persisting hypomag-

nesemia. Genetic variants of TRPM6, possibly explaining

disparities in renal magnesium handling, were previously

associated with a disturbed glucose metabolism in the gen-

eral population [33,42]. A possible mechanism for this

association is insensitivity of TRMP6 for the activating

effects of insulin [43]. In our analysis, the fractional magne-

sium excretion at month three was lower in patients with

persisting hypomagnesemia. These patients more often

were insulin-resistant, which rather suggests the following

mechanisms: noncompliant intake, decreased gastro-intes-

tinal absorption, lower dietary intake or shifting of magne-

sium from the extra- to the intracellular compartment,

driven by insulin which increases TRPM6 expression [43].

Altered intestinal TRPM6 expression by tacrolimus remains

yet unproven [44].

Also, in the absence of observational data, we are unsure

how and to what extent serum magnesium concentration

in renal transplant recipients adequately reflects intracellu-

lar deficiency and is a valuable endpoint for intervention.

Fasting glucose concentrations seem less sensitive to detect

early NODAT and should possibly be replaced by serial

OGTT, capillary blood glycemia and/or continous glucose

measurement [45,46].

Our study finally fails to explain why fasting glucose after

3 months of supplementation is lower in the treatment ver-

sus the control group, while no effect on insulin sensitivity

is being observed. Possibly, the observation of a strong
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inverse correlation between insulin/HOMA and serum

magnesium at month three can be of help (Fig. 3). As this

relationship was especially present in the control group, it

seems that magnesium supplementation might also

increase insulin secretion after transplantation as it previ-

ously improved the ability of beta-cells to compensate for

variations in insulin sensitivity in healthy individuals [31].

Obviously, as assessment of insulin secretion, which

remains the predominant component of NODAT develop-

ment [38] was not incorporated into the protocol, this

remains speculative so far and should be explored in future

trials as well. Insulin resistance and secretion are inter-

twined and share a complex relationship which each other.

Taken together, our data suggest that future trials evalu-

ating a possible relationship between magnesium and glu-

cose metabolism should be adequately powered, use more

bio-available magnesium formulations, and incorporate

measures of insulin secretion next to sensitive tests to

detect alterations in glucose metabolism.

To conclude, our study failed to demonstrate a meaning-

ful benefit of oral magnesium supplementation on early

glucose metabolism after kidney transplantation. This par-

tially relates to the high incidence of persisting hypomagne-

semia, which appears to be associated to aberrant glucose

handling.
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