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Abstract

The kidney has a vital role in magnesium homeostasis and, although the renal handling of magne-
sium is highly adaptable, this ability deteriorates when renal function declines significantly. In mod-
erate chronic kidney disease (CKD), increases in the fractional excretion of magnesium largely
compensate for the loss of glomerular filtration rate to maintain normal serum magnesium levels.
However, in more advanced CKD (as creatinine clearance falls <30 mL/min), this compensatory
mechanism becomes inadequate such that overt hypermagnesaemia develops frequently in patients
with creatinine clearances <10 mL/min. Dietary calcium and magnesium may affect the intestinal
uptake of each other, though results are conflicting, and likewise the role of vitamin D on intestinal
magnesium absorption is somewhat uncertain. In patients undergoing dialysis, the effect of various
magnesium and calcium dialysate concentrations has been investigated in haemodialysis (HD) and
peritoneal dialysis (PD). Results generally show that dialysate magnesium, at 0.75 mmol/L, is likely to
cause mild hypermagnesaemia, results for a magnesium dialysate concentration of 0.5 mmol/L
were less consistent, whereas serum magnesium levels were mostly normal to hypomagnesaemic
when 0.2 and 0.25 mmol/L were used. While dialysate magnesium concentration is a major deter-
minant of HD or PD patients’ magnesium balance, other factors such as nutrition and medications
(e.g. laxatives or antacids) also play an important role. Also examined in this review is the role of
magnesium on parathyroid hormone (PTH) levels in dialysis patients. Although various studies have
shown that patients with higher serum magnesium tend to have lower PTH levels, many of these
suffer from methodological limitations. Finally, we examine the complex and often conflicting results
concerning the interplay between magnesium and bone in uraemic patients. Although the exact role
of magnesium in bone metabolism is unclear, it may have both positive and negative effects, and it is
uncertain what the optimal magnesium levels are in uraemic patients.
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Introduction

The regulation and elimination of magnesium in patients
with renal disease is somewhat understudied. Despite this
incomplete understanding, we know that serum magne-
sium levels increase when the glomerular filtration rate
(GFR) falls below ~20-30 mL/min, yet we do not know what
happens to serum magnesium concentration in patients
with more modest falls in GFR [e.g. chronic kidney disease
(CKD) Stages 1-3; GFR > 30 mL/min] or what proportion
of these patients are likely to be hypermagnesaemic [1].
In addition, we also need to consider the relationship be-
tween serum magnesium levels and total body magnesium
content, as magnesium is predominantly an intracellular
cation [2]. Oral medications containing magnesium (e.g.
certain laxatives and antacids) may cause hypermagne-
saemia, particularly in patients with renal dysfunction
[3-6], and conversely, diuretic use can lower magnesium
levels.

Haemodialysis (HD) and peritoneal dialysis (PD) provide
different scenarios from CKD Stages 3 and 4, and we shall
examine the extent to which serum magnesium concen-

trations depend on the dialysate magnesium concentration
and magnesium supplements. Finally, we shall discuss the
effect of magnesium on the parathyroid gland, the putative
inverse relationship between serum magnesium levels and
parathyroid hormone (PTH) levels in dialysis patients and its
effect on bone.

Serum magnesium in CKD

In healthy people, intestinal magnesium absorption and
renal excretion are regulated so as to maintain magne-
sium balance (see de Badaij et al. [7] in this supplement).
The fractional absorption of magnesium (which occurs
mainly in the small intestine) adapts to dietary intake.
Under normal conditions, ~30-50% of ingested magne-
sium is absorbed. However, the fractional absorption of
magnesium rises to 80% if intake is low and falls to ~25%
when magnesium intake is high [8, 9]. Experiments con-
ducted in eight volunteers given magnesium supple-
ments with meals showed that as dietary magnesium
increased from 1.5 mmol (3 mEq) to 40 mmol (80 mEq),
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the fraction of dietary magnesium absorbed fell progres-
sively from 65 to 11% [10].

The kidney has a vital role in magnesium homeostasis:
regulation of magnesium excretion is determined by filtra-
tion and reabsorption. In individuals with normal renal
function, ~74-100 mmol (1800-2400 mg) of magnesium
are filtered everyday [2, 3] (see also Badgiji et al. [7] in this
supplement). About 70-80% of plasma magnesium is ul-
trafilterable, and ~95% of the filtered magnesium load is
subject to tubular reabsorption with 5% excreted in urine
[9]. The renal handling of magnesium depends to a great
extent on the plasma magnesium concentration: in hyper-
magnesaemia, the fractional excretion of magnesium is
high, while during hypomagnesaemiag, it is low [9].

Because the renal excretion of magnesium is so power-
fully adaptable, impairment of renal function has long
been recognized as a frequent prerequisite for the devel-
opment of hypermagnesaemia. However, in moderate
CKD, the increase in the fractional excretion of magnesium
compensates for the loss of renal function, such that se-
rum levels are maintained within in the normal range. In-
terestingly, there seem to be differences in diabetics and
non-diabetics. When patients with and without diabetes
(creatinine clearance ranging from 115 to >30 mL/min/
1.73 m?) and not treated with diuretics were investigated,
a significant inverse correlation was found between crea-
tinine clearance and serum magnesium in non-diabetics,
but not in diabetics (Figure 1). Serum total and ionized
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Fig. 1. Distribution of serum total magnesium (t-Mg) values as a function
of creatinine clearance (Cc,) in non-diabetic (A) and diabetic (B) patients
(adapted from [11]). (Solid green line shows the course of t-Mg as pre-
dicted by regression analysis, with the reference level mean and upper/
lower limits shown by solid and dotted lines, respectively.) In non-diabetic
patients, serum t-Mg increased significantly when Cc, decreased from 115
to 30 ml/min/1.73 m?, (r = —0.38, P < 0.001), whereas this was not the
case in the diabetic group (r = —0.18, P > 0.05). Diabetes Care by American
Diabetes Association. Copyright 2004. Reproduced with permission of
American Diabetes Association in the format Journal via Copyright
Clearance Center.
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magnesium levels, still in the normal range in both groups,
were significantly lower in diabetics (0.773 + 0.07 and
0.489 + 0.05 mmol/L, respectively) than in the non-diabetic
group (0.834 + 0.07 and 0.534 + 0.05 mmol/L, respectively)
(unpaired t-test: P < 0.001) [11].

As renal function further deteriorates to CKD Stages 4
and 5, the quantitative excretion of magnesium tends to
decrease [3] and cannot be compensated any longer by an
increased fractional excretion of magnesium. This first be-
comes apparent as creatinine clearance falls <30 mL/min
and particularly <10-15 mL/min (Figure 2) [12, 13]. Thus,
overt hypermagnesaemia develops frequently in patients
with creatinine clearances <10 mL/min [12] (Figure 3).
As such, renal failure patients might be more vulnerable
to changes in magnesium intake via the diet or via medi-
cation (e.g. antacids or phosphate binders) and/or the use
of diuretics [9, 14, 15]. Furthermore, intestinal absorption
of magnesium can also be influenced by calcium and vice
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Fig. 2. The relationship between the fractional excretion of magnesium
(Cmg) and endogenous creatinine clearance (Cc,) in patients with chronic
renal disease. Each point represents a result from a single patient (With
permission from Coburn et al. [12]. Copyright (1969), American Medical
Association. All rights reserved.)
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Fig. 3. The relationship between serum magnesium concentration and cre-
atinine clearance in patients with CKD. Each point represents a result from a
single patient. Normal range serum magnesium: 0.65-1.05 mmol/L (1.58-
2.55 mg/dL). (With permission from Coburn et al. [12] Copyright (1969),
American Medical Association. All rights reserved.)
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versa (for review, see Hardwick et al. [16]). High intestinal
calcium concentrations have been reported to reduce the
absorption of magnesium [17, 18] but these findings could
not be confirmed by others [19, 20]. In respect of the effect
of magnesium on calcium uptake, results are conflicting,
with some studies describing a decrease in calcium ab-
sorption with increased magnesium [18, 19], an effect that
was not observed by others [21]. In addition, vitamin D
may influence the intestinal absorption of magnesium,
though data are conflicting. High doses of 1,25-dihydroxy
vitamin D increase the absorption of magnesium, but mag-
nesium is also absorbed independently of vitamin D and
the intestinal vitamin D receptor [16].

* Magnesium homeostasis depends on the adapt-
ability of magnesium absorption in the intestine
and magnesium reabsorption in the kidneys.

Individuals with creatinine clearance down to
~30 mL/min can generally compensate for the
loss of renal function by increases in the frac-
tional excretion of magnesium such that serum
levels are maintained within the normal range.

Below this level of renal function, compensatory
mechanisms fail and patients with creatinine
clearance of <10 mL/min are likely to be hyper-
magnesaemic.

Magnesium in dialysis patients

In the normal population, total and ionized serum magne-
sium concentrations usually lie between 0.65 and 1.05
mmol/L and 0.45 and 0.74 mmol/L, respectively. In HD
and PD patients, both total and ionized magnesium con-
centrations are often slightly elevated above the normal
range and have been shown to be dependent on residual
renal function [1], on pharmacological or dietary intake
and on dialytic elimination (reviewed in Heaton and
Parsons [21]; see also Hutchison and Wilkie [22] and
Jahnen-Dechent and Ketteler [23] in this supplement).
Mild hypermagnesaemia has been described when using
a magnesium dialysate concentration of 0.75 mmol/L in
both PD and HD patients, while the results when a lower
dialysate concentration (0.5 and/or 0.25 mmol/L) was used
were not as consistent (for detailed information, see Table
1, and also later in this article).

Several studies have investigated ionized serum magne-
sium in dialysis patients in comparison with healthy con-
trols to assess the utility of ionized and total magnesium
assay in detecting magnesium overload. A lower ionized
fraction could be due to a higher fraction of complexed
magnesium (phosphates, citrate, sulphates) in dialysis pa-
tients than in healthy individuals [24], whereas reduced
albumin levels, often present in dialysis patients, could
lead to a higher fraction of ionized magnesium, thus op-
posing this effect [25, 26]. Some studies found reductions
in ionized magnesium [24, 27, 28], whereas others did not
[29, 30] (for detailed values, see Table 2). Thus, the ionized
magnesium fraction in dialysis patients seems to be var-
iable, at ~60-70% of total magnesium. Complexed mag-
nesium, evaluated in only one paper, accounts for ~16%
of total magnesium in PD patients [24].
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In searching for a better marker for magnesium over-
load, several studies have investigated not only serum
magnesium concentrations but also the total and ionized
magnesium concentration in body tissues or blood cells
(i.e. erythrocytes and mononuclear blood cells) in patients
undergoing HD or PD, with a variety of results. Because
young erythrocytes have a higher magnesium concentra-
tion than older cells [31], it might be expected that pa-
tients on dialysis would have a higher red blood cell
magnesium concentration. In fact, the average magnesium
concentration of erythrocytes was found to be consistently
higher in several studies when patients on dialysis were
compared with healthy volunteers [32, 33, 34] or to non-
dialysed patients with impaired renal function [35]. How-
ever, patients with higher haematocrit levels (i.e. >30%;
[32]) or undergoing erythropoietin treatment [34] had little
difference in their erythrocyte magnesium concentration
compared to healthy controls and moreover there was a
significant inverse correlation between the magnesium
concentration of erythrocytes and haematocrit in patients
on chronic dialysis [32]. In one study, there was a correla-
tion between total and ionized serum magnesium concen-
trations and total intracellular erythrocyte magnesium
concentrations [33]. In contrast, total magnesium levels
in mononuclear cells were not related to serum magne-
sium levels and were not discriminative for detection of
magnesium overload [33].

Based on the above, neither ionized serum, ionized
mononuclear nor red blood cell measurements are helpful
in detecting magnesium overload. In contrast, the meas-
urement of magnesium content in hair, which was found
to be significantly higher in patients on dialysis (n = 31)
than in non-dialysed patients with impaired renal func-
tion (n = 15): 104.0 pg/g hair versus 21.0 pg/g hair, re-
spectively (P < 0.001) [35], could give an indication of
overload but cannot be used as a routine marker.

e Levels of total and ionized magnesium are often
slightly elevated above the normal range (0.65-
1.05 and 0.45-0.74 mmol/L, respectively) in PD
and HD patients.

e ITonized serum magnesium and many other po-
tential markers have been examined to see if they
would be better than total serum magnesium for
detecting magnesium overload.

¢ Jonized serum, ionized mononuclear or red blood
cell measurements are not helpful in identifying
magnesium overload.

Serum magnesium levels and dialysate magnesium

Diffusible magnesium. Magnesium concentration of the
dialysate is one of the major determinants of HD or PD
patients’ magnesium balance. Magnesium crosses the di-
alysis and peritoneal membranes readily, and the amount
eliminated depends on ultrafiltration and on the diffusible
magnesium concentration gradient between serum and
dialysis fluid in both HD and PD patients [9, 36, 37]. Ionized
magnesium ranges between 60 and 70% of the total serum
value depending on protein concentration and percentage
complexed magnesium (see above). Taking also into ac-
count the Gibbs-Donnan effect (i.e. the impairment of free
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Table 1. Total serum Mg levels and dialytic balance in PD and HD patients
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Dialysate Mg
concentration  Total serum
Study n (mmol/L) Mg (mmol/L) Comments
PD  Blumenkrantz et al. [39] 8 0.75 1.27 = 0.04 Mild hypermagnesaemia reported.
Hutchison et al. [42] 11  0.75 (b) 1.24 = 0.06 Mild hypermagnesaemia at baseline. Mean serum magnesium dropped

11  0.25(s) 0.94 + 0.04° from 1.24 to 0.89 mmol/L (P < 0.001) and remained at the mean level

of 0.94 mmol/L for the next 6 months.
Katopodis et al. [37] 34 0.75 1.15 = 0.11 Mild hypermagnesaemia in the 0.75 mmol/L group.

34 050 0.94 = 0.14 Significant lower serum Mg in patients with low versus high Mg
concentration in the dialysate (P < 0.01). Hypermagnesaemia was
significantly more frequent in the 0.75 mmol/L group. None of the
patients developed hypomagnesaemia.

Saha et al. [1] 26 (b) 1.11 = 0.22 Mild hypermagnesaemia in the 0.75 group. Ionized serum Mg
13 075 1.22 = 0.20° concentration was higher in patients with residual renal function than
10 0.50 1.02 += 0.15¢ in patients without (0.77 += 0.1 mmol/L versus 0.69 + 0.11 mmol/L).
3 025 0.98 + 0.35¢
Eisenman et al. [54] 5 075 0.85 = 0.13 Increasing the dialysate magnesium concentration raised serum Mg
0.25 0.71 = 0.20 levels significantly in the patients.
Ejaz et al. [45] 33  0.5-0.6 (b) 0.85 + 0.02 64% of the patients developed hypermagnesaemia after a mean
21 025 0.55 = 0.01 duration of CAPD treatment with 0.25 mmol/L Mg. 13 of these 21 patients
12 025 0.8 = 0.035 retrieved oral Mg supplementation.
Hutchison et al. [40] 16 0.75 Dialytic balance:
0.25 0.75 mmol/L, 1.36% Glu: —0.01 = 0.08 mmol/exchange;
0.75 mmol/L, 3.86% Glu: —0.32 = 0.11 mmol/exchange;
0.25 mmol/L, 1.36% Glu: —0.58 = 0.13 mmol/exchange;
0.25 mmol/L, 3.86% Glu: —1.07 = 0.11 mmol/exchange.
Eddington et al. [41] 12 0.75 Dialytic balance:
12 025 0.75 mmol/L, 1.36% Glu: 0.49 = 0.36 mmol/exchange;
0.25 mmol/L, 1.36% Glu: —1.65 = 0.7 mmol/exchange;
0.25 mmol/L, icodextrin: —1.29 + 0.34 mmol/exchange.
Mean daily transperitoneal Mg loss was —0.8 mmol/24 h when using
0.75 mmol/L Mg plus icodextrin compared to a mean loss of —3.26 mmol/
24 h with 0.25 mmol/L Mg plus icodextrin.
Tattersall et al. [44] 43 0.75 (b) 1.07 £ 0.17 There was a significant fall in serum Mg levels.
0.25 (s) 0.87 + 0.19¢
HD  Gonella et al. [47] 13  0.75 1.17 £ 0.05 Mild hypermagnesaemia in the 0.75 mmol/L group.
12 025 0.78 = 0.02
Nilsson et al. [48] 22 (b) 1.13 Mild hypermagnesaemia in the 0.75 mmol/L group. Significant lower
0.75 1.13 = 0.13¢ serum Mg in patients with low versus high Mg concentration in the
0.20 0.94 * 0.244 dialysate (P < 0.01). No changes in muscle or lymphocyte magnesium.
Navarro et al. [49] 110 0.49 2.8 = 0.4(b) Mild hypermagnesaemia (serum Mg levels above 2.47 mg/dL) in 73% of
patients.
Saha et al. [29] 47 0.50 1.01 = 0.19 Normal magnesium serum levels found.
0.25 0.94 = 0.18
47  Controls 0.82 = 0.08
Kelber et al. [50] 8 0.75 Pre: 1.32 = 0.12 Patients were treated with oral MgCOs as the phosphate binder.
Post: 1.22 + 0.04  Dialytic balance:
0.25 Pre: 1.4 = 0.12 0.75 mmol/L: 23.03 = 20.57 mmol/session;
Post: 0.86 = 0.08  0.25 mmol/L: 125.86 = 28.38 mmol/session;
0.00 Pre: 1.36 = 0.08  0.00 mmol/L: 199.89 + 18.10 mmol/session.

Post: 0.66 *+ 0.08

%, baseline; s, study; Glu, glucose; pre, pre-dialytic; post, post-dialytic.
®At 6 months.

€At 13 months.

dAt 4 months.

diffusion of cations and thus higher concentrations of cat-
ions in the compartment containing non-diffusible anionic
proteins compared to the one not containing any protein),
which makes multiplication of the dialysate magnesium
concentration by 0.962 necessary [38], leads to the con-
clusion that in most cases, only a dialysate magnesium
concentration of ~0.5 mmol/L (X 0.96% = 0.46 mmol/L)
or lower (Figure 4) will result in a diffusive elimination of
magnesium.

Peritoneal dialysis. For many years, PD solutions with a
magnesium concentration of 0.75 mmol/L and calcium

concentration of 1.75 mmol/L were used as ‘standard’ di-
alysate for the majority of patients although there has
been a trend to lower dialysate calcium over the past dec-
ade. Patients using these solutions are slightly hypermag-
nesaemic [37, 39, 40] (see Table 1). This is because the
transfer of magnesium is, if diffusive, mostly into the pa-
tient and thus positive [39, 41].

As an example, in a study using such ‘standard’ dialy-
sate, mild hypermagnesaemia was observed (n = 8)
(Table 1) [39]. The dialytic balance [2.0 + 0.3 mmol/day
(46 £ 8 mg/day)] and the overall metabolic balance of
magnesium were slightly positive in patients on a 1.0 and
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1.4 g/kg body weight protein diet (+1.9 + 0.4 mmol/day ~
46 + 10 mg/day and 2.7 + 1.1 mmol/day =~ 66 + 28 mg/day),
respectively [39]. In contrast, when patients are treated
with a low magnesium dialysate (0.25 mmol/L), serum
magnesium levels normalize after some time, as dialytic
magnesium balance is constantly negative, independent
of glucose concentration, use of icodextrin (i.e. ultrafiltra-
tion) or treatment modality (continuous ambulatory PD
or automated PD) [40-42] (Table 1).

As already discussed, serum magnesium is a poor indica-
tor of the overall magnesium content of different tissues,
and normomagnesaemia does not necessarily exclude
magnesium depletion [43]. Moreover, there may well be
a slow continuous loss of body magnesium when using
low magnesium dialysate (0.25 mmol/L) over extended
treatment periods: 4, 8 and 12 months after introducing
the solution, persistent hypomagnesaemia occurred in 21,
64 and 37% of patients, respectively [42-46]. In many
of these patients, oral supplementation was needed to
normalize serum magnesium levels [45, 46], and in one
study, oral magnesium supplements were insufficient and
so 15% of patients were given magnesium sulphate in their
PD fluid [46].

Other PD solutions contain 0.5 mmol/L magnesium, and
patients treated with these solutions tend to have normal
serum magnesium levels [1, 37] with no development of
hypomagnesaemia even after a mean treatment period of
~28 months [37].

Haemodialysis. In the past, dialysis fluid concentration
usually contained 0.75 mmol/L magnesium, with mild hy-
permagnesaemia observed quite frequently [27, 47, 48].
Both mild hypermagnesaemia and normomagnesaemia
were found when patients were dialysed against a dialysis
fluid magnesium concentration of 0.5 mmol/L [29, 49].

There are several studies investigating serum magne-
sium changes and magnesium flux during HD in greater
detail. During HD treatment with 0.75 mmol/L magnesium,
a significant reduction of serum magnesium concentration
was observed in one study, even though the dialysate con-
centration was higher than the actual ionized serum mag-
nesium concentrations, possibly reflecting the importance
of the Gibbs-Donnan effect [27], whereas the decrease in
serum concentration was not significant in another study
using a magnesium dialysate concentration of 0.74 mmol/
L (~1.8 mg/dL) [50]. In this latter study, a large variability
in magnesium elimination was found, both negative or
positive, which was significantly influenced by initial serum
concentrations. Magnesium elimination and a fall in serum
magnesium concentration was seen in every patient when
lower concentrations, such as 0.0 and 0.25 mmol/L, were
used [48, 50] (see Table 1). However, magnesium-free di-
alysate was poorly tolerated as most of the patients par-
ticipating in the clinical stage of this study experienced leg
cramps, though these resolved quickly after dialysate was
switched back to 0.75 mmol/L (1.8 mg/dL) [50]. Perhaps
surprisingly, but in line with other investigations [33], in the
investigation by Nilsson et al. [48], muscle and lymphocyte
magnesium levels did not change significantly from
pre-study levels after a period of 4 months of using a
0.2 mmol/L magnesium dialysate concentration.

The fact that neither using 0.75 mmol/L nor 0.5 mmol/L
as a dialysis fluid leads to consistent serum magnesium
results is emphasized by an epidemiological study in
27 544 patients in which the baseline prescribed dialysate
magnesium concentration exhibited only a weak correlation
with patients’ serum magnesium (r = 0.22, P < 0.0001),
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suggesting that factors other than dialysate magnesium,
such as nutrition and magnesium supplements (e.g. ant-
acids), may also play an important role in determining serum
magnesium levels in end-stage renal disease (ESRD) pa-
tients [51].

The haemodynamic effect of various dialysate magne-
sium concentrations is potentially of great importance.
A study focussing on haemodynamic changes, in which
dialysate calcium and magnesium concentrations were
changed sequentially in a group of eight HD patients, re-
vealed that the combined use of a dialysate containing
calcium, 1.25 mmol/L, and magnesium, 0.25 mmol/L, led
to a significant drop in mean arterial pressure induced by a
drop in cardiac index that was not compensated by an
increase in total peripheral resistance [52]. However, the
combination of a dialysate containing calcium, 1.25 mmol/
L, and magnesium, 0.75 mmol/L, could help to prevent
blood pressure deterioration and a combination with mag-
nesium, 0.5 mmol/L, showed intermediate results [52].
In contrast, another study has investigated cardiovascular
and haemodynamic effects of high and low magnesium
dialysate concentrations (1.0 and 0.5 mmol/L) in HD pa-
tients (n = 20), using serial echocardiography [53]. No
positive influence of an increased magnesium dialysate
concentration was found on intradialytic blood pressure
stability or cardiovascular performance [53].

¢ Various magnesium and calcium dialysate con-
centrations have been investigated in patients
undergoing HD or PD.

* Results indicate that magnesium, 0.75 mmol/L, is
likely to cause mild hypermagnesaemia.

* Results for lower magnesium dialysate concen-
trations (e.g. 0.5 mmol/L) were less consistent.

e Serum magnesium levels were mostly normal to
hypomagnesaemic when 0.2 and 0.25 mmol/L
were used.

e Factors other than dialysate magnesium concen-
tration, such as nutrition and medications (e.g.
laxatives or antacids), are also likely to play an
important role in determining serum magnesium
concentrations in dialysis patients.

e The intradialytic cardiovascular and haemody-
namic benefits of varying magnesium concentra-
tion in patients’ dialysate are unclear.

Effect of magnesium on PTH levels

Secondary hyperparathyroidism is an almost inevitable
complication of chronic renal insufficiency and can occur
in patients with mild, moderate or severe renal dysfunction
[55]. Serum calcium, as well as calcitriol, fibroblast growth
factor-23 (FGF-23) and serum phosphate are known to
have key roles in regulating the synthesis and secretion
of PTH [56-58]. Calcium is the dominant activator of the
calcium-sensing receptor (CaSR), but other divalent and
trivalent cations are also potent Type I activators of this
receptor. Serum magnesium levels may, therefore, have an
important regulatory role in PTH secretion [59, 60].
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Table 2. Total and ionized serum magnesium concentrations in dialysis patients
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Saha et al. [29]; serum ionized versus total Mg and Ca in randomly selected HD patients

Pre-dialysis Post-dialysis
Dialysate Total Mg ITonized Mg Ionized Mg  Total Mg ITonized Mg Ionized Mg
Group  (mmol/L) n  (mmol/L) (mmol/L) fraction (%) (mmol/L) (mmol/L) fraction (%) Comments
HD 0.50 41 1.01 =0.19 0.69 = 0.11 68.6 29 0.89 =0.21 0.60 = 0.14 68.1 = 7.7  Normal magnesium serum
0.25 6 0.94 *0.18 0.63 + 0.11 0.67 + 0.22 0.46 + 0.13 levels found. Similar
Control 47 0.82 = 0.08 0.56 = 0.06 68.7 = 5.3 ionized Mg fraction
in HD versus control.
Truttmann et al. [27]; influence of HD treatment on the relationship between ionized and total Mg
Pre-dialysis Post-dialysis
Dialysate Total Mg Ionized Mg Free Total Mg Ionized Mg Free
Group  (mmol/L) n  (mmol/L) (mmol/L) fraction (%) (mmol/L) (mmol/L) fraction (%) Comments

HD 0.75
Control

46 1.19 (1.05-1.33)
25 0.82 (0.80-0.92)

0.71 (0.67-0.78) 61 (57-64)
0.57 (0.54-0.59) 68 (65-70)

1.10 (1.02-1.16) 0.65 (0.63-0.69) 60 (56-62)

Dewitte et al. [30]; clinical relevance of ionized fraction of serum Mg in HD patients

Tendency toward

a reduced free Mg fraction
(pre- and post-dialyses)

in HD versus controls.
Reduction of total and
ionized serum Mg
concentration during

the HD session.

Pre-dialysis Post-dialysis
Dialysate Total Mg Ionized Mg Ionized Mg  Total Mg Ionized Mg Ionized Mg
Group  (mmol/L) n  (mmol/L) (mmol/L) fraction (%) (mmol/L) (mmol/L) fraction (%) Comments
HD 0.50 49 0.97 = 0.12 0.62 + 0.07 642 +19 0.84 = 0.06 0.55 + 0.03 66.2 = 1.9  No difference between
Control 30 0.86 = 0.08 0.56 = 0.04 649 = 1.8 ionized fraction of total

Markell et al. [28]; correlation between ionized and total Mg levels in both HD and CAPD

serum Mg between HD
patients and healthy
controls.

Dialysate
Group  (mmol/L) n

Total Mg (mmol/L)

Ionized Mg (mmol/L)

Ionized Mg fraction (%)

Comments

HD 0.375 26
CAPD  0.25 10
Control 66

0.99 + 0.04
0.85 = 0.04

0.84 = 0.008

0.55 + 0.02
0.50 = 0.02
0.60 + 0.004

55.6 = 0.93
59.2 = 1.05
72 + 0.61

Lower ionized serum Mg
in HD and CAPD patients
versus age matched
controls.

Saha et al. [1]; 13 months (mean) observational study assessing ionized and total serum Mg levels with three different dialysate Mg concentrations

Dialysate
Group  (mmol/L) n

Total Mg (mmol/L)

Ionized Mg (mmol/L)

Ionized Mg fraction (%)

Comments

CAPD 0.75 13
0.50 10
0.25 3

Control 26

1.22 = 0.20°
1.02 = 0.15°
0.98 = 0.35°

1.11 = 0.22

0.87 = 0.10
0.70 = 0.07
0.67 = 0.19
0.73 = 0.11

66.1 = 0.07

69.4 + 0.05

Mild hypermagnesaemia
in the 0.75 group. Lower
fraction of ionized Mg in
CAPD patients than in
controls, P < 0.06. Ionized
serum Mg concentration
higher in patients with
residual renal function
than in patients without
(0.77 = 0.1 versus

0.69 += 0.11 mmol/L).

Continued
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Huijgen et al. [24]; validation and comparison of measurement methods for ionized Mg fraction

Dialysate Total Mg Ionized Mg Ionized Mg  Protein bound ~ Complexed Mg
Group (mmol/L) n  (mmol/L) (mmol/L) fraction (%) Mg fraction (%) fraction (%) Comments
PD 0.75 29 1.24 +0.18 0.76 + 0.08 62 + &4 +5 16 =5 Lower ionized fraction of total serum
Control 81 0.88 + 0.06 0.56 = 0.05 65 *= 4 * 4 8+3 Mg in dialysis patients versus controls
(P < 0.05). Complexed Mg accounts for
~16% of total Mg in PD patients.
°At 13 months.
Moderate elimination Moderate uptake Uptake
bt R e
0.5 mmol/L E 0.68 mmol/L 0.75 mmoIILE 0.68 mmol/L 1.0 mmol/L E 0.68 mmol/L
Dialysate Mg' Serum Mg ' '

Fig. 4. Dialytic magnesium removal or uptake is dependent on the dialysate-serum magnesium gradient (here based on a total serum magnesium
concentration of 1.05 and an ionized (i.e. diffusible) serum magnesium of 65%).

The regulation of intact PTH (iPTH) by extracellular cal-
cium has been studied extensively, but the mechanism
whereby serum magnesium affects PTH has still not been
fully elucidated. In vitro [61] and in vivo animal and human
studies [59, 61, 62] have demonstrated that high magne-
sium concentrations modulate PTH secretion in a similar
manner to calcium. High calcium concentrations activate
the extracellular CaSR which eventually results in de-
creased PTH secretion [56, 63]. The CaSR is a G-protein-
coupled receptor that leads to an increase in intracellular
calcium, stimulation of phospholipase A and inhibition of
cAMP accumulation via Go; and Gog proteins. It is known
that magnesium is able to activate the CaSR, though with a
potency 2- to 3-fold less than calcium in terms of activat-
ing the effector molecule phospholipase C. In addition,
binding sites for calcium and magnesium seem to be dif-
ferent [61, 64, 65]. Moreover, an in vitro study showed
that addition of extracellular magnesium to single iso-
lated bovine parathyroid cells affects intracellular cal-
cium concentrations via two independent mechanisms
that modify PTH secretion [66]. So in addition to the CaSR,
other mechanisms possibly involving further receptors
may exist and contribute to PTH regulation by magnesium.
A caveat concerns the concentration of extracellular
magnesium used: only at concentrations >1.2 mM magne-
sium were effects on intracellular calcium seen and the
secretory response was evaluated using extremely high
magnesium concentrations of 4.5 and 9.0 mM [66].

On the other hand, a phenotype of blunted PTH secretion
is seen in patients with severe hypomagnesaemia, even if
calcium concentrations are low [67-69]. In vitro studies
investigating the biphasic regulation of PTH secretion from
parathyroid cells by magnesium showed that at levels
<0.5 mM magnesium, PTH secretion is suppressed by an
intracellular disinhibition of Goy/q signalling, leading to a
constitutive activation of the CaSR [70, 71]. These findings
provide an explanation for the observed decrease in PTH
secretion at any given calcium concentration under mag-
nesium deficiency in vitro and in patients with severe
hypomagnesaemia [68, 70, 72]. In these situations, cal-

cium-dependent regulation can be restored by elevating
magnesium concentrations [70, 721.

Two studies in patients undergoing PD have investi-
gated the influence of different calcium and magnesium
concentrations in dialysis solutions on serum magnesium
and serum PTH levels [73, 74] (Table 3). The study by Wei
et al. investigated patients (n = 46) retrospectively, whom
the authors described as having been treated with either a
‘standard’ dialysis solution containing calcium (1.62 mmol/L)
and magnesium (0.75 mmol/L) or a ‘low’ calcium/
magnesium dialysate (calcium, 1.25 mmol/L, and magne-
sium, 0.25 mmol/L). Laboratory data from a 6-month period
were analysed and the results showed that the only sig-
nificant between-group differences were higher serum
magnesium in the standard dialysate group and higher
serum PTH levels in the low dialysate group, with a sig-
nificant inverse correlation between serum magnesium
and PTH levels (r = —0.357; P < 0.05). In contrast, the
study by Sanchez et al. was conducted over a 12-month
period and patients undergoing PD (n = 44) were random-
ized to either a standard or a low-calcium/magnesium
dialysate (dialysate concentrations: ‘standard’ calcium:
1.75 mmol/L; magnesium: 0.75 mmol/L and ‘low’ calcium:
1.25 mmol/L; magnesium: 0.25 mmol/L). Patients under-
went bone biopsies at baseline and after 12 months [73].
The results showed an increase in serum PTH levels and a
higher intake of calcium salts in the low-calcium/magne-
sium dialysate group (P < 0.01). While serum calcium, phos-
phate levels or bone histological outcome did not differ
between the two groups, serum magnesium levels were
lower in the low-calcium/magnesium dialysate group than
in the high-calcium/magnesium group (month 6: P < 0.009;
month 12: P < 0.005).

Of course, more than one variable has been changed
(both calcium and magnesium concentrations) in both
studies, and so both cations may have affected PTH levels,
with calcium possibly playing a predominant role. How-
ever, in both studies serum calcium and phosphate levels
were similar between groups, and serum PTH levels
in the low-calcium/magnesium dialysate groups were
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significantly higher. Both groups of authors suggested that
high serum magnesium levels may suppress the synthesis
and/or secretion of serum PTH, and low serum magnesium
stimulates PTH synthesis and/or secretion independently of
serum calcium and phosphate concentrations [73, 74].
However, even though serum calcium levels were not dif-
ferent, another interpretation may be also possible: in
both studies, lower dialysate magnesium and lower calcium
dialysate concentrations were used, and thus, a transient
decrease of serum calcium could have occurred, in which
case PTH probably maintained serum calcium levels.

A double crossover study has evaluated the impact of
changes in dialysate magnesium concentration with con-
stant calcium dialysate concentrations (1.3 mmol/L) in HD
patients (n = 26) [75]. They were exposed to increasing
(0.75 to 1.25 mmol/L) and then decreasing (to 0.25
mmol/L) concentrations of magnesium in the dialysate,
and vice versa, with dialysate calcium kept constant at
1.3 mmol/L [75]. An increase in dialysate magnesium con-
centration was associated with a reduction in PTH levels
and a decrease of dialysate magnesium with an increase
in serum PTH levels. It is noteworthy that the strongest
effects were observed when changing the dialysate concen-
tration from very low (0.25 mmol/L) to high (1.25 mmol/L)
concentrations and vice versa. PTH changes were much
less pronounced when changing magnesium from ‘normal’
(0.75 mmol/L) to low or high [75]. Other studies have also
noted that the use of low magnesium dialysate (0.25 and
0.20 mmol/L) in HD patients resulted in significant increases
in serum PTH levels [48, 76]. All but one of the patients who
entered the study with normal plasma PTH showed an in-
crease of the circulating hormone after 18 months on a low
magnesium dialysis. In contrast, patients who had raised
PTH levels initially responded variably, some showing an
increase and others a decrease of the hormone concen-
trations. These studies show that magnesium affects PTH
secretion; however, PTH assays used in these early studies
measured carboxyterminal PTH fragments and therefore
it is difficult to judge from these results to what extent
PTH is really influenced by magnesium.

Two 6-month observational studies have also investi-
gated the potential relationship between serum magnesium
and PTH levels, both in patients undergoing HD (n = 110)
and PD (n = 51) [49, 77]. Serum magnesium concentra-
tions were independently and inversely associated with
PTH levels in HD patients [49]. In fact, both magnesium
and calcium levels showed an inverse correlation with
PTH levels (r = —0.48; P < 0.001 and r = —0.21; P < 0.05,
respectively). After adjusting for calcium and phosphate
(partial correlation analysis), magnesium and PTH remained
inversely correlated (r = —0.58; P < 0.001). A stepwise multi-
ple regression analysis also showed that PTH levels were
predicted by magnesium (P < 0.001), alkaline phosphatase
(P < 0.01) and phosphate levels (P < 0.05; multiple r=0.57;
P < 0.001), but not calcium concentration. Furthermore, pa-
tients with relative hypoparathyroidism (PTH < 120 pg/mL;
n = 52) also had greater serum magnesium concentrations
than the other patients (P < 0.001). Similar results were
found in PD patients—a significant inverse relationship
between serum magnesium and PTH levels—an associa-
tion that was statistically independent of important fac-
tors regulating parathyroid gland function (i.e. calcium,
phosphorus and calcitriol levels) [77]. (Note that in the
two studies by Navarro et al. [49, 77], PTH levels were in
most patients <400 pg/mL.)

However, a further observational study conducted in 56
PD patients receiving 0.25 mmol/L magnesium dialysate

J. Cunningham, M. Rodriguez and P. Messa

for at least 6 months failed to show a correlation between
serum magnesium and serum iPTH levels (though iPTH
levels correlated inversely with ionized calcium levels:
r = —0.515; P < 0.001) [78]. Nevertheless, in 49 of these
patients whose serum iPTH levels were <300 pg/mL, serum
iPTH levels correlated inversely with these patients’ serum
magnesium levels (r = —0.295; P = 0.039) [78]. It would
be of interest to know if in patients with advanced hyper-
parathyroidism treated with calcimimetics (which acts on
the parathyroid calcium receptor) differences in serum
magnesium will still be correlated inversely with serum PTH.

It should be noted, however, that at best the studies
investigating the potential effect of magnesium on PTH
constitute indirect evidence. Nevertheless, there may be
an assumption of increased risk of adynamic bone disease
from the association of low PTH levels and elevated serum
magnesium concentrations. On the other hand, iPTH as-
says may not be particularly good methods to determine
bone turnover in patients with ESRD [79]. It is important
to note, however, that severe magnesium depletion leads
to inhibition of PTH secretion which can be restored by
elevating magnesium concentrations [72]. Clearly, this
is an area that would benefit from further research to elu-
cidate the mechanisms whereby magnesium may influ-
ence PTH levels, particularly under conditions prevalent
in patients with renal dysfunction.

e In general, research has shown that patients
with higher serum magnesium levels have lower
PTH levels.

¢ However, many variables other than serum mag-
nesium levels influence PTH levels.

¢ Many of the studies evaluating the influence be-
tween PTH and magnesium are not controlled
well enough or suffer from other methodological
drawbacks to draw firm conclusions.

Magnesium and bone in uraemic patients

About 55% of the body’s magnesium content is found in
bone, but this only represents a tiny proportion of the total
bone ash (~0.5% or 14 g). Calcium and phosphate as hy-
droxyapatite account for ~2700 g or 90% [80] (Figure 5).
Various studies have looked at magnesium concentrations
in the bone and other tissues in patients with CKD and in
those without kidney disease. The common thread
throughout these studies is the high degree of variability
in results. For example, in a detailed investigation, Pelle-
grino and Biltz [80] found no difference in bone magne-
sium content, whether in trabecular or cortical bone,
between uraemic patients (n = 22) and controls (n = 32),
but found reductions in calcium and carbonate content. In
a later investigation by the same group, decreases in calcium
and mineral carbonate were confirmed, but simultaneous
increases in phosphate and magnesium concentrations
were also found [81]. The changes in bone mineral compo-
sition were ascribed to a concomitant loss of fixed base and
calcium carbonate as well as a replacement of calcium car-
bonate by phosphate [81]. This may reflect the effect of
acidosis. Likewise, another group found elevated magne-
sium concentrations in trabecular and cortical bones, at the
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Table 3. Interventional and observational studies investigating the relationship between PTH and magnesium levels in dialysis patients®

Dialysate cation

Patients (n), concentration
Author (modality) [mmol/L] Design r-value P-value  Notes
Interventional studies
Wei et al. 46 [Ca 1.62/Mg 0.75], Prospective 6-month —0.36 <0.05 The only significant
2006 [74] (CAPD, n = 13; [Ca 1.25/Mg 0.25] study (standard Ca/Mg between-group differences
APD, n = 33) versus low Ca/Mg were higher serum PTH and
dialysate) lower serum Mg levels in the
low Ca/Mg group with an
inverse correlation between
serum PTH and serum Mg.
Sanchez et al. 44 (CAPD) [Ca 1.75/Mg 0.75], Prospective, randomized, Not NA Higher serum Mg in the
2004 [73] [Ca 1.25/Mg 0.25] 12-month study determined standard dialysate group
(standard Ca/Mg versus (P = 0.005) and higher
low Ca/Mg dialysate) serum PTH levels in the low
dialysate group (P = 0.0004).
Observational studies
Cho et al. 56 (CAPD) [Ca 1.75/Mg 0.25] Retrospective analysis -0.174 0.200 Results did not show a
2002 [78] over at least 6-month significant correlation
period between Mg and iPTH.
Navarro et al. 110 (HD) [Ca 1.5/Mg 0.50] Prospective 6-month —0.58 <0.001  Serum magnesium
1999 [77] analysis concentrations were
independently and inversely
associated with PTH
levels in HD patients.
Navarro et al. 51 (CAPD) [Ca 1.75/Mg 0.75] Prospective 6-month -0.57 <0.001 The significant inverse
1999 [49] analysis relationship between serum
Mg and iPTH levels was
independent of factors
regulating parathyroid gland
function (calcium, phosphorus
and calcitriol levels).
Saha et al. 26 (CAPD) [Ca 1.75/Mg 0.75], Cross-sectional study —0.42 <0.05 An inverse relationship
1997 [1] [Ca 1.75/Mg 0.50], was found between serum

[Ca 1.25/Mg 0.25],
[Ca 1.00/Mg 0.50]

ionized Mg and iPTH levels.

9APD, automated PD; Ca, calcium; CAPD, continuous ambulatory PD; (i)PTH, (intact) PTH; Mg, magnesium; NA, not applicable.

same time as lowered calcium and increased phosphorus
concentration [82]. In contrast, other investigators found
increases in both calcium and magnesium content [83],
and yet others found an increase in magnesium in both
cortical and trabecular bones by 50-66% (wet and dry
weight, respectively) and no difference in calcium concen-
trations [84]. In the same investigation, a significantly
higher magnesium concentration was found in myocardium,
lung and skin tissue of uraemic patients compared with con-
trols (Figure 6). The uraemic patients had been treated for a
longer period of time with HD and presented increased serum
magnesium levels, together with a relatively high dialysis fluid
magnesium concentration.

These highly variable results should not be surprising
given the many factors that affect serum magnesium levels
in CKD patients undergoing dialysis. Magnesium levels may
be increased by intake of over-the-counter drugs containing
magnesium (e.g. antacids, laxatives) and high magnesium
dialysate concentrations. A negative magnesium balance
may be caused by excessive use of diuretics (in patients with
mild-to-moderate CKD) or reduced gastrointestinal uptake
(due to acidosis and poor nutrition and/or absorption)
[85, 86]. In fact, it is not unusual for the magnesium balance
to be normal or even decreased in uraemic patients owing
to decreased dietary intake of magnesium combined with
the impaired intestinal magnesium absorption characteristic
of CKD [36].

The role of magnesium in bone mineralization and in the
pathogenesis of renal bone disease has been a matter of

Ca
1,146.20 | PO,
P 1,539.32

K ——
0.78 A
1.56 () -
533 Mg Na
14.40 28.98

Fig. 5. Bone composition in normal individuals (in grams). Mean values
from 109 human bone specimens using Trotter’s estimate for total bone
mass: 4459.9 g. Reproduced with permission from Pellegrino and Biltz [80].

some debate in recent years and a hypothesis has been
advanced in the past to the effect that magnesium is di-
rectly involved in the development of osteomalacia and/or
renal osteodystrophy [9, 85, 87-89]. This is on the one
hand because of magnesium’s known effect on the CaSR
and thus on PTH levels, (mentioned earlier in this review)
and on the other hand because of its ability to prevent
mineralization and/or calcification.

Only two small clinical studies involving therapeutic in-
terventions with magnesium (both in <10 renal failure
patients) have used bone biopsies to investigate the issue
of whether changes in serum magnesium concentrations
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Fig. 6. Bone and tissue magnesium content in uraemic patients compared
with controls [84]. Tissues were obtained from 33 patients with ESRD and 11
non-uraemic patients after death. Twenty-five of the renal patients had
been dialysed for a period of ~23 months with a dialysis fluid containing
1.3 mEq/L (0.65 mmol/L) magnesium. Plasma magnesium concentrations
were 2.57 = 0.41 mEg/L (1.29 * 0.21 mmol/L). Most of the controls had died
in road traffic accidents. Their plasma magnesium concentrations were
1.57 + 0.08 mEg/L (0.79 + 0.04) mmol/L. The soft tissue samples were
dried and defatted. The result is given as milliequivalent per kilogram fat-
free dry solids. For myocardium, skin and lung, mean magnesium concen-
trations were significantly higher in uraemic patients; there was no differ-
ence for skeletal muscle or liver. The bone was defatted and then dried.
Results are given as milliequivalent per kilogram ashed weight. Although
the mineral content of uraemic trabecular bone was decreased by 8% and
of cortical bone by 5%, there was still a significant increase in bone mag-
nesium content on a dry weight basis in uraemic patients (*P < 0.01; **P <
0.0005; ***P < 0.0001 versus controls) (2 mEg/L = 1 mmol/L). Reproduced
with permission from Contiguglia et al. [84].

have affected bone. In one study, patients switched from
aluminum hydroxide to magnesium hydroxide as a phos-
phate binder while reducing magnesium dialysate con-
centration from 0.75 mmol/L to 0.375 mmol/L (serum
magnesium levels increased from 0.96 + 0.2 mmol/l to
1.54 + 0.2 mmol/L) [90]. After 8 and 20 months of treat-
ment, bone histomorphometry showed no change in miner-
alization or osteoid formation. In the second study, patients
switched from a dialysate magnesium concentration of
0.5 mmol/L (1.0 mEg/L) to 0.25 mmol/L (0.5 mEq/L) and
their predialysis serum magnesium levels decreased from
1.24 4+ 0.15 mmol/L (2.47 + 0.3 mEg/L) to 1.03 + 0.6 mmol/L
(2.05 £ 0.11 mEg/L; P < 0.02) [89]. In this study, bone
biopsies demonstrated a decrease in osteoid volume and
surface. One reason for these contradictory results could be
the possible confounding by the use of aluminum. A larger,
more recent cross-sectional observational study which
focused on trace metal alterations in renal patients and
possible associations with bone diseases [91] did not find
a higher absolute bone magnesium content in these pa-
tients, though an increased magnesium-to-calcium ratio
was found compared with controls. In particular, no asso-
ciation was observed between bone magnesium content
and adynamic bone disease.

At present, the role of magnesium in influencing bone
metabolism remains unclear. There are many other factors
such as vitamin D status, PTH level, calcium and phosphate
concentration, and metabolic acidosis, which contribute to
bone metabolism and function [92]. Recently investigated
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molecules such as FGF-23 or Klotho [93] factors such as
vitamin K [94] and matrix Gla protein for which magne-
sium serves as a cofactor and/or modulator [95] may also
play important roles in regulating bone turnover and min-
eralization. In addition, it seems that magnesium is es-
sential for the activity of pyrophosphatases [96, 97], and
magnesium pyrophosphate itself is a substrate for pyro-
phosphatases [98]. Thus, the presence of magnesium in
bone is necessary as magnesium deficiency is likely to be
a problem in osteoporosis as it is crucial for regulation of
osteoblast and osteoclast function and activity in bone
remodelling [99-101]. Moreover, epidemiological studies
have linked insufficient magnesium in the diet to low
bone mass and osteoporosis, as have genetic causes of
hypomagnesaemia (which result in low bone mass), and
magnesium deficiency in animal models (linked to osteo-
penia and skeletal fragility) [100-102].

¢ Too little is known about the interaction of the
different factors to be able to describe the exact
role of magnesium in uraemic bone metabolism.

e How much magnesium is necessary, and how
much is too much, is unknown.
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