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

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

1. Magnesium: Physiology

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

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

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

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

However, reduction of intracellular Mg concentration induces a decline in ATP activity that in
turn affects potassium ATP-dependent channels located in the ascending limb and cortical collecting
tubule, leading to urinary potassium loss [8,9]. This mechanism may explain the common resistance to
hypokalemia correction until hypomagnesemia is normalized.
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Figure 1. Magnesium exchanges in nephron. PCT, proximal convoluted tubule; DCT, distal
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2. Clinical Signs and Etiologies of Hypomagnesemia

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

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

3. Magnesium Status in CKD Patients

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

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

4. Magnesium and Cardiovascular Risk in CKD Patients

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

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

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

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

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

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

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

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

6.1. Serum Magnesium and Diabetes Mellitus in the General Population

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Finally, the association between serum Mg level and cardiovascular risk after kidney
transplantation has been poorly studied. A small crossover trial, including 15 kidney transplant
patients randomized in a 6-week treatment period with either the placebo or Mg oxide (MgO) 2 g
per os with a 2-week washout interval, then 6-weeks of the alternative agent (placebo or MgO),
was published 1998. No change in metabolic profile, including systolic or diastolic blood
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pressure control, or cholesterol or triglyceride levels was observed with Mg supplementation [73].
The relationship between hypomagnesemia and vascular stiffness was investigated in a study
published in 2011. An evaluation was conducted in 512 renal transplant recipients, by determination
of carotid-femoral pulse wave velocity. Serum Mg was an independent risk factor for arterial
stiffness, but this association was attenuated after adjustment on the use of sirolimus (p = 0.054).
After stratification according to the median age of 55 years and adjustment with covariates,
Mg remained an independent predictor of pulse wave velocity (p = 0.024) [74].

8. Conclusions

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

Nutrients 2018, 10, x FOR PEER REVIEW  8 of 12 

 

could translate into a significant decrease in vascular disease, which today is the primary cause of 
death in kidney transplant recipients. Thus, prospective studies to evaluate the impact of 
hypomagnesemia correction after kidney transplantation, as well as the best ways of achieving 
correction are needed. 

 
Figure 2. Deleterious effects of hypomagnesaemia after kidney transplantation. Several studies 
support that posttransplant hypomagnesaemia increases cardiovascular (CV) risk by increasing the risk 
of post-transplant diabetes mellitus (PTDM) development and by favoring accelerated atherosclerosis, 
along with other more conventional risk factors. We suggest that hypomagnesaemia correction soon 
after kidney transplantation may allow to decrease CV risk and result in less CV-related morbidity 
and mortality in kidney transplant recipients. 

Author Contributions: A.-S.G., wrote and revised the manuscript. A.D., revised the manuscript. M.P., revised 
the manuscript. J.-F.S., revised the manuscript. J.S., revised the manuscript. J.-F.A., corresponding author wrote 
and revised the manuscript. 

Conflicts of Interest: the authors declare no conflicts of interest. 

Abbreviations 

AUC Area under the curve 
CKD Chronic kidney disease 
CNI Calcineurin inhibitors 
ESRD End-stage renal disease 
HD Hemodialysis 
HOMA_IR Homeostasis model assessment-estimated insulin-resistance index 
Mg Magnesium 
PD Peritoneal dialysis 
PTDM Post-transplant diabetes mellitus 
TRPM6 Transient Receptor Potential Melastatin 6 

References 

1. Jahnen-Dechent, W.; Ketteler, M. Magnesium basics. Clin. Kidney J. 2012, 5, i3–i14. 
2. Weisinger, J.R.; Bellorín-Font, E. Magnesium and phosphorus. Lancet 1998, 352, 391–396. 
3. Fawcett, W.J.; Haxby, E.J.; Male, D.A. Magnesium: Physiology and pharmacology. Br. J. Anaesth. 1999, 83, 

302–320. 
4. Tietz, N.W.; Rinker, A.D.; Morrison, S.R. When is a serum iron really a serum iron? The status of serum 

iron measurements. Clin. Chem. 1994, 40, 546–551. 
5. Kanbay, M.; Goldsmith, D.; Uyar, M.E.; Turgut, F.; Covic, A. Magnesium in chronic kidney disease: 

Challenges and opportunities. Blood Purif. 2010, 29, 280–292. 

Figure 2. Deleterious effects of hypomagnesaemia after kidney transplantation. Several studies support
that posttransplant hypomagnesaemia increases cardiovascular (CV) risk by increasing the risk of
post-transplant diabetes mellitus (PTDM) development and by favoring accelerated atherosclerosis,
along with other more conventional risk factors. We suggest that hypomagnesaemia correction soon
after kidney transplantation may allow to decrease CV risk and result in less CV-related morbidity and
mortality in kidney transplant recipients.

Author Contributions: A.-S.G., wrote and revised the manuscript. A.D., revised the manuscript. M.P., revised
the manuscript. J.-F.S., revised the manuscript. J.S., revised the manuscript. J.-F.A., corresponding author wrote
and revised the manuscript.

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

Abbreviations

AUC Area under the curve
CKD Chronic kidney disease
CNI Calcineurin inhibitors
ESRD End-stage renal disease
HD Hemodialysis
HOMA_IR Homeostasis model assessment-estimated insulin-resistance index
Mg Magnesium
PD Peritoneal dialysis
PTDM Post-transplant diabetes mellitus
TRPM6 Transient Receptor Potential Melastatin 6



Nutrients 2018, 10, 729 9 of 12

References

1. Jahnen-Dechent, W.; Ketteler, M. Magnesium basics. Clin. Kidney J. 2012, 5, i3–i14. [CrossRef] [PubMed]
2. Weisinger, J.R.; Bellorín-Font, E. Magnesium and phosphorus. Lancet 1998, 352, 391–396. [CrossRef]
3. Fawcett, W.J.; Haxby, E.J.; Male, D.A. Magnesium: Physiology and pharmacology. Br. J. Anaesth. 1999, 83,

302–320. [CrossRef] [PubMed]
4. Tietz, N.W.; Rinker, A.D.; Morrison, S.R. When is a serum iron really a serum iron? The status of serum iron

measurements. Clin. Chem. 1994, 40, 546–551. [PubMed]
5. Kanbay, M.; Goldsmith, D.; Uyar, M.E.; Turgut, F.; Covic, A. Magnesium in chronic kidney disease:

Challenges and opportunities. Blood Purif. 2010, 29, 280–292. [CrossRef] [PubMed]
6. Cunningham, J.; Rodríguez, M.; Messa, P. Magnesium in chronic kidney disease Stages 3 and 4 and in

dialysis patients. Clin. Kidney J. 2012, 5, i39–i51. [CrossRef] [PubMed]
7. Whang, R.; Ryder, K.W. Frequency of hypomagnesemia and hypermagnesemia. Requested vs. routine.

JAMA 1990, 263, 3063–3064. [CrossRef] [PubMed]
8. Nichols, C.G.; Ho, K.; Hebert, S. Mg(2+)-dependent inward rectification of ROMK1 potassium channels

expressed in Xenopus oocytes. J. Physiol. (Lond.) 1994, 476, 399–409. [CrossRef]
9. Agus, Z.S.; Kelepouris, E.; Dukes, I.; Morad, M. Cytosolic magnesium modulates calcium channel activity in

mammalian ventricular cells. Am. J. Physiol. 1989, 256, C452–C455. [CrossRef] [PubMed]
10. Hashizume, N.; Mori, M. An analysis of hypermagnesemia and hypomagnesemia. Jpn. J. Med. 1990, 29,

368–372. [CrossRef] [PubMed]
11. Kafka, H.; Langevin, L.; Armstrong, P.W. Serum magnesium and potassium in acute myocardial infarction.

Influence on ventricular arrhythmias. Arch. Intern. Med. 1987, 147, 465–469. [CrossRef] [PubMed]
12. Aglio, L.S.; Stanford, G.G.; Maddi, R.; Boyd, J.L.; Nussbaum, S.; Chernow, B. Hypomagnesemia is common

following cardiac surgery. J. Cardiothorac. Vasc. Anesth. 1991, 5, 201–208. [CrossRef]
13. England, M.R.; Gordon, G.; Salem, M.; Chernow, B. Magnesium administration and dysrhythmias after

cardiac surgery. A placebo-controlled, double-blind, randomized trial. JAMA 1992, 268, 2395–2402.
[CrossRef] [PubMed]

14. Agus, Z.S. Hypomagnesemia. J. Am. Soc. Nephrol. 1999, 10, 1616–1622. [PubMed]
15. Truttmann, A.C.; Faraone, R.; Von Vigier, R.O.; Nuoffer, J.M.; Pfister, R.; Bianchetti, M.G. Maintenance

hemodialysis and circulating ionized magnesium. Nephron 2002, 92, 616–621. [CrossRef] [PubMed]
16. Blumenkrantz, M.J.; Kopple, J.D.; Moran, J.K.; Coburn, J.W. Metabolic balance studies and dietary protein

requirements in patients undergoing continuous ambulatory peritoneal dialysis. Kidney Int. 1982, 21, 849–861.
[CrossRef] [PubMed]

17. Ishimura, E.; Okuno, S.; Yamakawa, T.; Inaba, M.; Nishizawa, Y. Serum magnesium concentration is a
significant predictor of mortality in maintenance hemodialysis patients. Magnes. Res. 2007, 20, 237–244.
[PubMed]

18. Sakaguchi, Y.; Fujii, N.; Shoji, T.; Hayashi, T.; Rakugi, H.; Isaka, Y. Hypomagnesemia is a significant predictor
of cardiovascular and non-cardiovascular mortality in patients undergoing hemodialysis. Kidney Int. 2014,
85, 174–181. [CrossRef] [PubMed]

19. Meema, H.E.; Oreopoulos, D.G.; Rapoport, A. Serum magnesium level and arterial calcification in end-stage
renal disease. Kidney Int. 1987, 32, 388–394. [CrossRef] [PubMed]

20. Ishimura, E.; Okuno, S.; Kitatani, K.; Tsuchida, T.; Yamakawa, T.; Shioi, A.; Inaba, M.; Nishizawa, Y.
Significant association between the presence of peripheral vascular calcification and lower serum magnesium
in hemodialysis patients. Clin. Nephrol. 2007, 68, 222–227. [CrossRef] [PubMed]

21. Turgut, F.; Kanbay, M.; Metin, M.R.; Uz, E.; Akcay, A.; Covic, A. Magnesium supplementation helps to
improve carotid intima media thickness in patients on hemodialysis. Int. Urol. Nephrol. 2008, 40, 1075–1082.
[CrossRef] [PubMed]

22. Schmaderer, C.; Braunisch, M.C.; Suttmann, Y.; Lorenz, G.; Pham, D.; Haller, B.; Angermann, S.; Matschkal, J.;
Renders, L.; Baumann, M.; et al. Reduced Mortality in Maintenance Haemodialysis Patients on High versus
Low Dialysate Magnesium: A Pilot Study. Nutrients 2017, 9, 926. [CrossRef] [PubMed]

23. Margreiter, R. European Tacrolimus vs. Ciclosporin Microemulsion Renal Transplantation Study Group
Efficacy and safety of tacrolimus compared with ciclosporin microemulsion in renal transplantation:
A randomised multicentre study. Lancet 2002, 359, 741–746. [CrossRef]

http://dx.doi.org/10.1093/ndtplus/sfr163
http://www.ncbi.nlm.nih.gov/pubmed/26069819
http://dx.doi.org/10.1016/S0140-6736(97)10535-9
http://dx.doi.org/10.1093/bja/83.2.302
http://www.ncbi.nlm.nih.gov/pubmed/10618948
http://www.ncbi.nlm.nih.gov/pubmed/8149608
http://dx.doi.org/10.1159/000276665
http://www.ncbi.nlm.nih.gov/pubmed/20090315
http://dx.doi.org/10.1093/ndtplus/sfr166
http://www.ncbi.nlm.nih.gov/pubmed/26069820
http://dx.doi.org/10.1001/jama.1990.03440220087036
http://www.ncbi.nlm.nih.gov/pubmed/2342219
http://dx.doi.org/10.1113/jphysiol.1994.sp020141
http://dx.doi.org/10.1152/ajpcell.1989.256.2.C452
http://www.ncbi.nlm.nih.gov/pubmed/2537576
http://dx.doi.org/10.2169/internalmedicine1962.29.368
http://www.ncbi.nlm.nih.gov/pubmed/2273620
http://dx.doi.org/10.1001/archinte.1987.00370030069014
http://www.ncbi.nlm.nih.gov/pubmed/3827422
http://dx.doi.org/10.1016/1053-0770(91)90274-W
http://dx.doi.org/10.1001/jama.1992.03490170067027
http://www.ncbi.nlm.nih.gov/pubmed/1404796
http://www.ncbi.nlm.nih.gov/pubmed/10405219
http://dx.doi.org/10.1159/000064109
http://www.ncbi.nlm.nih.gov/pubmed/12372946
http://dx.doi.org/10.1038/ki.1982.109
http://www.ncbi.nlm.nih.gov/pubmed/7132054
http://www.ncbi.nlm.nih.gov/pubmed/18271493
http://dx.doi.org/10.1038/ki.2013.327
http://www.ncbi.nlm.nih.gov/pubmed/23986148
http://dx.doi.org/10.1038/ki.1987.222
http://www.ncbi.nlm.nih.gov/pubmed/3669498
http://dx.doi.org/10.5414/CNP68222
http://www.ncbi.nlm.nih.gov/pubmed/17969489
http://dx.doi.org/10.1007/s11255-008-9410-3
http://www.ncbi.nlm.nih.gov/pubmed/18568412
http://dx.doi.org/10.3390/nu9090926
http://www.ncbi.nlm.nih.gov/pubmed/28832502
http://dx.doi.org/10.1016/S0140-6736(02)07875-3


Nutrients 2018, 10, 729 10 of 12

24. Ledeganck, K.J.; De Winter, B.Y.; Van den Driessche, A.; Jürgens, 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. 2014, 29, 1097–1102. [CrossRef] [PubMed]

25. Nijenhuis, T.; Hoenderop, J.G.J.; Bindels, R.J.M. 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]

26. Da Silva, C.A.; de Bragança, A.C.; Shimizu, M.H.M.; Sanches, T.R.; Fortes, M.A.Z.; Giorgi, R.R.; Andrade, L.;
Seguro, A.C. Rosiglitazone prevents sirolimus-induced hypomagnesemia, hypokalemia, and downregulation
of NKCC2 protein expression. Am. J. Physiol. Renal Physiol. 2009, 297, F916–F922. [PubMed]

27. Andoh, T.F.; Burdmann, E.A.; Fransechini, N.; Houghton, D.C.; Bennett, W.M. Comparison of acute
rapamycin nephrotoxicity with cyclosporine and FK506. Kidney Int. 1996, 50, 1110–1117. [CrossRef]
[PubMed]

28. Van Laecke, S.; Van Biesen, W. Hypomagnesaemia in kidney transplantation. Transplant. Rev. 2015, 29,
154–160. [CrossRef] [PubMed]

29. Barton, C.H.; Vaziri, N.D.; Martin, D.C.; Choi, S.; Alikhani, S. Hypomagnesemia and renal magnesium
wasting in renal transplant recipients receiving cyclosporine. Am. J. Med. 1987, 83, 693–699. [CrossRef]

30. Stevens, R.B.; Lane, J.T.; Boerner, B.P.; Miles, C.D.; Rigley, T.H.; Sandoz, J.P.; Nielsen, K.J.; Skorupa, J.Y.;
Skorupa, A.J.; Kaplan, B.; Wrenshall, L.E. Single-dose rATG induction at renal transplantation: Superior
renal function and glucoregulation with less hypomagnesemia: RATGS minimizes glucose dysregulation.
Clin. Transplant. 2012, 26, 123–132. [CrossRef] [PubMed]

31. Van de Cauter, J.; Sennesael, J.; Haentjens, P. Long-term evolution of the mineral metabolism after renal
transplantation: A prospective, single-center cohort study. Transplant. Proc. 2011, 43, 3470–3475. [CrossRef]
[PubMed]

32. Rodrigues, N.; Santana, A.; Guerra, J.; Neves, M.; Nascimento, C.; Gonçalves, J.; da Costa, A.G. Serum
Magnesium and Related Factors in Long-Term Renal Transplant Recipients: An Observational Study.
Transplant. Proc. 2017, 49, 799–802. [CrossRef] [PubMed]

33. Holzmacher, R.; Kendziorski, C.; Michael Hofman, R.; Jaffery, J.; Becker, B.; Djamali, A. Low serum
magnesium is associated with decreased graft survival in patients with chronic cyclosporin nephrotoxicity.
Nephrol. Dial. Transplant. 2005, 20, 1456–1462. [CrossRef] [PubMed]

34. Miura, K.; Nakatani, T.; Asai, T.; Yamanaka, S.; Tamada, S.; Tashiro, K.; Kim, S.; Okamura, M.; Iwao, H.
Role of hypomagnesemia in chronic cyclosporine nephropathy. Transplantation 2002, 73, 340–347. [CrossRef]
[PubMed]

35. Yuan, J.; Zhou, J.; Chen, B.C.; Zhang, X.; Zhou, H.M.; Du, D.F.; Chang, S.; Chen, Z.K. Magnesium
supplementation prevents chronic cyclosporine nephrotoxicity via adjusting nitric oxide synthase activity.
Transplant. Proc. 2005, 37, 1892–1895. [CrossRef] [PubMed]

36. Asai, T.; Nakatani, T.; Yamanaka, S.; Tamada, S.; Kishimoto, T.; Tashiro, K.; Nakao, T.; Okamura, M.; Kim, S.;
Iwao, H.; et al. Magnesium supplementation prevents experimental chronic cyclosporine a nephrotoxicity via
renin-angiotensin system independent mechanism. Transplantation 2002, 74, 784–791. [CrossRef] [PubMed]

37. Asai, T.; Nakatani, T.; Tamada, S.; Kuwabara, N.; Yamanaka, S.; Tashiro, K.; Nakao, T.; Komiya, T.;
Okamura, M.; Kim, S.; et al. Activation of transcription factors AP-1 and NF-kappaB in chronic cyclosporine A
nephrotoxicity: Role in beneficial effects of magnesium supplementation. Transplantation 2003, 75, 1040–1044.
[CrossRef] [PubMed]

38. Pham, P.-C.T.; Pham, P.-M.T.; Pham, S.V.; Miller, J.M.; Pham, P.-T.T. Hypomagnesemia in Patients with Type
2 Diabetes. Clin. J. Am. Soc. Nephrol. 2007, 2, 366–373. [CrossRef] [PubMed]

39. Geiger, H.; Wanner, C. Magnesium in disease. Clin. Kidney J. 2012, 5, i25–i38. [CrossRef] [PubMed]
40. Pham, P.C.T.; Pham, P.M.T.; Pham, P.a.T.; Pham, S.V.; Pham, H.V.; Miller, J.M.; Yanagawa, N.; Pham, P.T.T.

Lower serum magnesium levels are associated with more rapid decline of renal function in patients with
diabetes mellitus type 2. Clin. Nephrol. 2005, 63, 429–436. [CrossRef] [PubMed]

41. Lopez-Ridaura, R.; Willett, W.C.; Rimm, E.B.; Liu, S.; Stampfer, M.J.; Manson, J.E.; Hu, F.B. Magnesium
intake and risk of type 2 diabetes in men and women. Diabetes Care 2004, 27, 134–140. [CrossRef] [PubMed]

42. Song, Y.; Manson, J.E.; Buring, J.E.; Liu, S. Dietary magnesium intake in relation to plasma insulin levels and
risk of type 2 diabetes in women. Diabetes Care 2004, 27, 59–65. [CrossRef] [PubMed]

http://dx.doi.org/10.1093/ndt/gft498
http://www.ncbi.nlm.nih.gov/pubmed/24353324
http://dx.doi.org/10.1097/01.ASN.0000113318.56023.B6
http://www.ncbi.nlm.nih.gov/pubmed/14978156
http://www.ncbi.nlm.nih.gov/pubmed/19656910
http://dx.doi.org/10.1038/ki.1996.417
http://www.ncbi.nlm.nih.gov/pubmed/8887267
http://dx.doi.org/10.1016/j.trre.2015.05.002
http://www.ncbi.nlm.nih.gov/pubmed/26001746
http://dx.doi.org/10.1016/0002-9343(87)90900-4
http://dx.doi.org/10.1111/j.1399-0012.2011.01425.x
http://www.ncbi.nlm.nih.gov/pubmed/21401720
http://dx.doi.org/10.1016/j.transproceed.2011.09.030
http://www.ncbi.nlm.nih.gov/pubmed/22099822
http://dx.doi.org/10.1016/j.transproceed.2017.01.070
http://www.ncbi.nlm.nih.gov/pubmed/28457398
http://dx.doi.org/10.1093/ndt/gfh831
http://www.ncbi.nlm.nih.gov/pubmed/15840674
http://dx.doi.org/10.1097/00007890-200202150-00005
http://www.ncbi.nlm.nih.gov/pubmed/11884928
http://dx.doi.org/10.1016/j.transproceed.2005.02.098
http://www.ncbi.nlm.nih.gov/pubmed/15919495
http://dx.doi.org/10.1097/00007890-200209270-00009
http://www.ncbi.nlm.nih.gov/pubmed/12364856
http://dx.doi.org/10.1097/01.TP.0000057242.96219.AF
http://www.ncbi.nlm.nih.gov/pubmed/12698095
http://dx.doi.org/10.2215/CJN.02960906
http://www.ncbi.nlm.nih.gov/pubmed/17699436
http://dx.doi.org/10.1093/ndtplus/sfr165
http://www.ncbi.nlm.nih.gov/pubmed/26069818
http://dx.doi.org/10.5414/CNP63429
http://www.ncbi.nlm.nih.gov/pubmed/15960144
http://dx.doi.org/10.2337/diacare.27.1.134
http://www.ncbi.nlm.nih.gov/pubmed/14693979
http://dx.doi.org/10.2337/diacare.27.1.59
http://www.ncbi.nlm.nih.gov/pubmed/14693967


Nutrients 2018, 10, 729 11 of 12

43. Fang, X.; Wang, K.; Han, D.; He, X.; Wei, J.; Zhao, L.; Imam, M.U.; Ping, Z.; Li, Y.; Xu, Y.; 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. [CrossRef] [PubMed]

44. 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. [CrossRef] [PubMed]

45. Nadler, J.L.; Buchanan, T.; Natarajan, R.; Antonipillai, I.; Bergman, R.; Rude, R. Magnesium deficiency
produces insulin resistance and increased thromboxane synthesis. Hypertension 1993, 21, 1024–1029.
[CrossRef] [PubMed]

46. Van Laecke, S.; Van Biesen, W.; Vanholder, R. Hypomagnesaemia, the kidney and the vessels.
Nephrol. Dial. Transplant. 2012, 27, 4003–4010. [CrossRef] [PubMed]

47. Rodriguez-Moran, M.; Guerrero-Romero, F. Oral Magnesium Supplementation Improves Insulin Sensitivity
and Metabolic Control in Type 2 Diabetic Subjects: A randomized double-blind controlled trial. Diabetes Care
2003, 26, 1147–1152. [CrossRef] [PubMed]

48. Kasiske, B.L.; Snyder, J.J.; Gilbertson, D.; Matas, A.J. Diabetes mellitus after kidney transplantation in the
United States. Am. J. Transplant. 2003, 3, 178–185. [CrossRef] [PubMed]

49. Augusto, J.-F.; Subra, J.-F.; Duveau, A.; Rakotonjanahary, J.; Dussaussoy, C.; Picquet, J.; Croue, A.;
Villemain, F.; Onno, C.; Sayegh, J. Relation between Pretransplant Magnesemia and the Risk of New
Onset Diabetes After Transplantation within the First Year of Kidney Transplantation. Transplantation 2014,
97, 1155–1160. [CrossRef] [PubMed]

50. Yates, C.J.; Fourlanos, S.; Hjelmesaeth, J.; Colman, P.G.; Cohney, S.J. New-onset diabetes after kidney
transplantation-changes and challenges. Am. J. Transplant. 2012, 12, 820–828. [CrossRef] [PubMed]

51. Mazali, F.C.; Lalli, C.A.; Alves-Filho, G.; Mazzali, M. Posttransplant diabetes mellitus: Incidence and risk
factors. Transplant. Proc. 2008, 40, 764–766. [CrossRef] [PubMed]

52. Maes, B.D.; Kuypers, D.; Messiaen, T.; Evenepoel, P.; Mathieu, C.; Coosemans, W.; Pirenne, J.;
Vanrenterghem, Y.F.C. Posttransplantation Diabetes Mellitus in Fk-506-Treated Renal Transplant Recipients:
Analysis of Incidence and Risk Factors. Transplantation 2001, 72, 1655–1661. [CrossRef] [PubMed]

53. Van Laecke, S.; Van Biesen, W.; Verbeke, F.; De Bacquer, D.; Peeters, P.; Vanholder, R. Posttransplantation
hypomagnesemia and its relation with immunosuppression as predictors of new-onset diabetes after
transplantation. Am. J. Transplant. 2009, 9, 2140–2149. [CrossRef] [PubMed]

54. Huang, J.W.; Famure, O.; Li, Y.; Kim, S.J. Hypomagnesemia and the Risk of New-Onset Diabetes Mellitus
after Kidney Transplantation. J. Am. Soc. Nephrol. 2016, 27, 1793–1800. [CrossRef] [PubMed]

55. 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]

56. Chanchlani, R.; Joseph Kim, S.; Kim, E.D.; Banh, T.; Borges, K.; Vasilevska-Ristovska, J.; Li, Y.; Ng, V.;
Dipchand, A.I.; Solomon, M.; et al. Incidence of hyperglycemia and diabetes and association with electrolyte
abnormalities in pediatric solid organ transplant recipients. Nephrol. Dial. Transplant. 2017, 32, 1579–1586.
[CrossRef] [PubMed]

57. Osorio, J.M.; Bravo, J.; Pérez, A.; Ferreyra, C.; Osuna, A. Magnesemia in Renal Transplant Recipients: Relation
With Immunosuppression and Posttransplant Diabetes. Transplant. Proc. 2010, 42, 2910–2913. [CrossRef]
[PubMed]

58. Santos, L.; Rodrigo, E.; Piñera, C.; Robledo, C.; Palomar, R.; Gómez-Alamillo, C.; González-Cotorruelo, J.;
Arias, M. Elevated serum gamma-glutamyltransferase and hypomagnesemia are not related with new-onset
diabetes after transplantation. Transplant. Proc. 2010, 42, 2914–2916. [CrossRef] [PubMed]

59. Van Laecke, S.; Desideri, F.; Geerts, A.; Van Vlierberghe, H.; Berrevoet, F.; Rogiers, X.; Troisi, R.;
de Hemptinne, B.; Vanholder, R.; Colle, I. Hypomagnesemia and the risk of new-onset diabetes after
liver transplantation. Liver Transplant. 2010, 16, 1278–1287. [CrossRef] [PubMed]

60. Van Laecke, S.; Nagler, E.V.; Taes, Y.; Van Biesen, W.; Peeters, P.; Vanholder, R. The effect of magnesium
supplements on early post-transplantation glucose metabolism: A randomized controlled trial. Transpl. Int.
2014, 27, 895–902. [CrossRef] [PubMed]

http://dx.doi.org/10.1186/s12916-016-0742-z
http://www.ncbi.nlm.nih.gov/pubmed/27927203
http://dx.doi.org/10.1001/archinte.159.18.2151
http://www.ncbi.nlm.nih.gov/pubmed/10527292
http://dx.doi.org/10.1161/01.HYP.21.6.1024
http://www.ncbi.nlm.nih.gov/pubmed/8505087
http://dx.doi.org/10.1093/ndt/gfs126
http://www.ncbi.nlm.nih.gov/pubmed/22610987
http://dx.doi.org/10.2337/diacare.26.4.1147
http://www.ncbi.nlm.nih.gov/pubmed/12663588
http://dx.doi.org/10.1034/j.1600-6143.2003.00010.x
http://www.ncbi.nlm.nih.gov/pubmed/12603213
http://dx.doi.org/10.1097/01.TP.0000440950.22133.a1
http://www.ncbi.nlm.nih.gov/pubmed/24686469
http://dx.doi.org/10.1111/j.1600-6143.2011.03855.x
http://www.ncbi.nlm.nih.gov/pubmed/22123607
http://dx.doi.org/10.1016/j.transproceed.2008.03.018
http://www.ncbi.nlm.nih.gov/pubmed/18455010
http://dx.doi.org/10.1097/00007890-200111270-00014
http://www.ncbi.nlm.nih.gov/pubmed/11726827
http://dx.doi.org/10.1111/j.1600-6143.2009.02752.x
http://www.ncbi.nlm.nih.gov/pubmed/19624560
http://dx.doi.org/10.1681/ASN.2015040391
http://www.ncbi.nlm.nih.gov/pubmed/26449610
http://dx.doi.org/10.1007/s00467-016-3571-6
http://www.ncbi.nlm.nih.gov/pubmed/28039534
http://dx.doi.org/10.1093/ndt/gfx205
http://www.ncbi.nlm.nih.gov/pubmed/29059403
http://dx.doi.org/10.1016/j.transproceed.2010.08.016
http://www.ncbi.nlm.nih.gov/pubmed/20970568
http://dx.doi.org/10.1016/j.transproceed.2010.07.057
http://www.ncbi.nlm.nih.gov/pubmed/20970569
http://dx.doi.org/10.1002/lt.22146
http://www.ncbi.nlm.nih.gov/pubmed/21031543
http://dx.doi.org/10.1111/tri.12287
http://www.ncbi.nlm.nih.gov/pubmed/24909487


Nutrients 2018, 10, 729 12 of 12

61. Van Laecke, S.; Caluwe, R.; Huybrechts, I.; Nagler, E.V.; Vanholder, R.; Peeters, P.; Van Vlem, B.; Van Biesen, W.
Effect of Magnesium Supplements on Insulin Secretion After Kidney Transplantation: A Randomized
Controlled Trial. Ann. Transplant. 2017, 22, 524–531. [CrossRef] [PubMed]

62. Sánchez-Fructuoso, A.I.; Santín Cantero, J.M.; Pérez Flores, I.; Valero San Cecilio, R.; Calvo Romero, N.;
Vilalta Casas, R. Changes in magnesium and potassium homeostasis after conversion from a calcineurin
inhibitor regimen to an mTOR inhibitor-based regimen. Transplant. Proc. 2010, 42, 3047–3049. [CrossRef]
[PubMed]

63. Murakami, N.; Riella, L.V.; Funakoshi, T. Risk of metabolic complications in kidney transplantation after
conversion to mTOR inhibitor: A systematic review and meta-analysis. Am. J. Transplant. 2014, 14, 2317–2327.
[CrossRef] [PubMed]

64. Grimbert, P.; Thaunat, O. mTOR inhibitors and risk of chronic antibody-mediated rejection after kidney
transplantation: Where are we now? Transpl. Int. 2017, 30, 647–657. [CrossRef] [PubMed]

65. Zhang, R.; Kumar, P.; Reisin, E.; Ramcharan, T. Kidney Transplantation: The Evolving Challenges. Am. J.
Med. Sci. 2004, 328, 156–161. [CrossRef] [PubMed]

66. Maier, J.A.M.; Malpuech-Brugère, C.; Zimowska, W.; Rayssiguier, Y.; Mazur, A. Low magnesium
promotes endothelial cell dysfunction: Implications for atherosclerosis, inflammation and thrombosis.
Biochim. Biophys. Acta 2004, 1689, 13–21. [CrossRef] [PubMed]

67. Paravicini, T.M.; Yogi, A.; Mazur, A.; Touyz, R.M. Dysregulation of Vascular TRPM7 and Annexin-1 is
Associated with Endothelial Dysfunction in Inherited Hypomagnesemia. Hypertension 2009, 53, 423–429.
[CrossRef] [PubMed]

68. Liao, F.; Folsom, A.R.; Brancati, F.L. Is low magnesium concentration a risk factor for coronary heart disease?
The Atherosclerosis Risk in Communities (ARIC) Study. Am. Heart J. 1998, 136, 480–490. [CrossRef]

69. Hashimoto, T.; Hara, A.; Ohkubo, T.; Kikuya, M.; Shintani, Y.; Metoki, H.; Inoue, R.; Asayama, K.; Kanno, A.;
Nakashita, M.; et al. Serum Magnesium, Ambulatory Blood Pressure, and Carotid Artery Alteration:
The Ohasama Study. Am. J. Hypertens. 2010, 23, 1292–1298. [CrossRef] [PubMed]

70. Kisters, K.; Gremmler, B.; Hausberg, M. Magnesium and arterial stiffness. Hypertension 2006, 47, e3.
[CrossRef] [PubMed]

71. Shechter, M.; Sharir, M.; Labrador, M.J.; Forrester, J.; Silver, B.; Bairey Merz, C.N. Oral magnesium therapy
improves endothelial function in patients with coronary artery disease. Circulation 2000, 102, 2353–2358.
[CrossRef] [PubMed]

72. Massy, Z.A.; Drüeke, T.B. Magnesium and outcomes in patients with chronic kidney disease: Focus on
vascular calcification, atherosclerosis and survival. Clin. Kidney J. 2012, 5, i52–i61. [CrossRef] [PubMed]

73. Nguyen, T.; Steiner, R.W. A trial of oral magnesium supplementation in renal transplant recipients receiving
cyclosporine. Transplant. Proc. 1998, 30, 4317–4319. [CrossRef]

74. Van Laecke, S.; Maréchal, C.; Verbeke, F.; Peeters, P.; Van Biesen, W.; Devuyst, O.; Jadoul, M.;
Vanholder, R. The relation between hypomagnesaemia and vascular stiffness in renal transplant recipients.
Nephrol. Dial. Transplant. 2011, 26, 2362–2369. [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/10.12659/AOT.903439
http://www.ncbi.nlm.nih.gov/pubmed/28848225
http://dx.doi.org/10.1016/j.transproceed.2010.07.081
http://www.ncbi.nlm.nih.gov/pubmed/20970606
http://dx.doi.org/10.1111/ajt.12852
http://www.ncbi.nlm.nih.gov/pubmed/25146383
http://dx.doi.org/10.1111/tri.12975
http://www.ncbi.nlm.nih.gov/pubmed/28445619
http://dx.doi.org/10.1097/00000441-200409000-00004
http://www.ncbi.nlm.nih.gov/pubmed/15367873
http://dx.doi.org/10.1016/j.bbadis.2004.01.002
http://www.ncbi.nlm.nih.gov/pubmed/15158909
http://dx.doi.org/10.1161/HYPERTENSIONAHA.108.124651
http://www.ncbi.nlm.nih.gov/pubmed/19103997
http://dx.doi.org/10.1016/S0002-8703(98)70224-8
http://dx.doi.org/10.1038/ajh.2010.168
http://www.ncbi.nlm.nih.gov/pubmed/20706194
http://dx.doi.org/10.1161/01.HYP.0000197263.07085.e8
http://www.ncbi.nlm.nih.gov/pubmed/16434722
http://dx.doi.org/10.1161/01.CIR.102.19.2353
http://www.ncbi.nlm.nih.gov/pubmed/11067788
http://dx.doi.org/10.1093/ndtplus/sfr167
http://www.ncbi.nlm.nih.gov/pubmed/26069821
http://dx.doi.org/10.1016/S0041-1345(98)01424-9
http://dx.doi.org/10.1093/ndt/gfq728
http://www.ncbi.nlm.nih.gov/pubmed/21212164
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Magnesium: Physiology 
	Clinical Signs and Etiologies of Hypomagnesemia 
	Magnesium Status in CKD Patients 
	Magnesium and Cardiovascular Risk in CKD Patients 
	Magnesium Status after Kidney Transplantation and Relation with Graft Function 
	Serum Magnesium and New-Onset Diabetes Mellitus after Transplantation 
	Serum Magnesium and Diabetes Mellitus in the General Population 
	Serum Magnesium and New-Onset Diabetes Mellitus after Transplantation 

	Magnesium Status and Cardiovascular Risk before and after Kidney Transplantation 
	Conclusions 
	References

