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ABSTRACT
Background. The interest on magnesium (Mg) has grown
since clinical studies have shown the efficacy of Mg-containing
phosphate binders. However, some concern has arisen for the
potential effect of increased serum Mg on parathyroid
hormone (PTH) secretion. Our objective was to evaluate the
direct effect of Mg in the regulation of the parathyroid func-
tion; specifically, PTH secretion and the expression of

parathyroid cell receptors: CaR, the vitamin D receptor (VDR)
and FGFR1/Klotho.
Methods. The work was performed in vitro by incubating
intact rat parathyroid glands in different calcium (Ca) and Mg
concentrations.
Results. Increasing Mg concentrations from 0.5 to 2 mM pro-
duced a left shift of PTH–Ca curves. With Mg 5 mM, the
secretory response was practically abolished. Mg was able to
reduce PTH only if parathyroid glands were exposed to mod-
erately low Ca concentrations; with normal–high Ca concen-
trations, the effect of Mg on PTH inhibition was minor or
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absent. After 6-h incubation at a Ca concentration of 1.0 mM,
the expression of parathyroid CaR, VDR, FGFR1 and Klotho
(at mRNA and protein levels) was increased with a Mg con-
centration of 2.0 when compared with 0.5 mM.
Conclusions. Mg reduces PTH secretion mainly when a mod-
erate low calcium concentration is present; Mg also modulates
parathyroid glands function through upregulation of the key
cellular receptors CaR, VDR and FGF23/Klotho system.

Keywords: calcium-sensing receptor, magnesium, parathyr-
oid glands, PTH, vitamin D receptor

INTRODUCTION

The production of parathyroid hormone (PTH) is essential for
calcium (Ca) homeostasis and the maintenance of normal
mineral metabolism. Parathyroid cells have cell-surface calcium-
sensing receptors (CaRs), which enable them to respond to
changes in extracellular Ca [1, 2]; thus, even small changes in
extracellular Ca induce rapid changes in PTH secretion. Calci-
triol and FGF23 also decrease parathyroid function through
their specific parathyroid cell receptors: the vitamin D receptor
(VDR) and the FGFR-Klotho receptor system, respectively.
In vivo and in vitro studies have also shown a direct effect of
phosphate on PTH synthesis and secretion, although a specific
cell sensor for phosphate has not been identified, yet.

The activation of the CaR results in Gq/11-dependent acti-
vation of phosphatidylinositol-specific phospholipase C, cyto-
solic Ca increase, protein kinase C (PKC) activation [3] and
triggering of the PLA2-AA-MAPKase pathway [4, 5] that regu-
lates PTH synthesis and other essential proteins such as CaR,
VDR, Klotho and FGFR1 [6–9].

Although Ca is the main CaR agonist, other divalent and tri-
valent cations are also able to activate the CaR [2]. For example,
an increase in extracellular magnesium (Mg) inhibits PTH
secretion and reduces agonist-stimulated cAMP accumulation
from parathyroid cells [10–13]. In dialysis patients, high serum
Mg concentrations have been associated with low serum PTH
levels. This inverse relationship between extracellular levels of
Mg and PTH led to the notion of an inhibitory effect of Mg on
PTH secretion in these patients [2, 14–17]. However, the PTH
secretory response to changes in extracellular Mg concentration
has not been formally evaluated in patients.

The interest on Mg has grown since clinical studies have
shown the efficacy of Mg-containing phosphate binders [18],
and some concern has arisen related to the potential effect of a
moderate increase in serum Mg on PTH secretion. In patients
with normal serum Ca concentration and controlled PTH
levels, it is not clear whether an increase in Mg may elicit an
over suppression of PTH. Therefore, one specific question that
should be addressed is whether changes in serum Mg have the
same impact on PTH secretion when parathyroid cells are
exposed to low, normal or high serum Ca concentrations.

The aim of this in vitro study was to evaluate the direct
effect of Mg on the regulation of the parathyroid function
using intact rat parathyroid glands. Specifically, the present
work investigates the effect of Mg at different Ca

concentrations on PTH secretion and on the expression of the
parathyroid cell receptors CaR, VDR and FGFR1/Klotho.

MATERIALS AND METHODS

Animals

Wistar rats (250 g body wt) were fed a diet containing 1.1%
Ca and 0.8% phosphorus and vitamin D (1 IU/g). All animals
received optimal care in compliance with the ‘Principles of
Laboratory Animal Care,’ formulated by the Spanish National
Society for Medical Research and the ‘Guide for the Care and
Use of Laboratory Animals’, prepared by the National
Academy of Sciences. The experimental protocols were re-
viewed and approved by the Ethics Committee for Animal
Research of the Universidad de Cordoba.

Parathyroid gland culture

Rat parathyroid glands were obtained as previously de-
scribed [19]. Briefly, rats were anaesthetized with thiopental
sodium (50 mg/kg ip). Blood was drained by aortic puncture,
and within 2 min the parathyroid glands were dissected free of
the thyroid gland and removed.

Intact rat parathyroid glands were placed inside a nylon
basket in individual wells containing 2 mL of buffered (pH 7.4)
incubation medium (125 mM NaCl, 5.9 mM KCl, 1 mM
sodium pyruvate, 4 mM glutamine, 12 mM glucose and 25 mM
HEPES with 0.1 IU/mL human insulin, 0.1% bovine serum
albumin, 100 IU/mL penicillin G, and 100 mg/mL streptomy-
cin). A phosphate concentration of 1 mM was achieved by
addition of 1:2 NaH2PO4–Na2HPO4. Calcium concentrations
ranging from 0.8 to 1.5 mM (measured by a selective electrode
Spotlyte Ca2+/pH Analyzer, Menarini Diagnostics, Barcelona,
Spain) was achieved by addition of CaCl2. Mg was added as
MgCl2·6H20 to achieve Mg concentrations ranging from 0.5 to
5.0 mM. The glands were maintained at 37°C with constant
rocking and shaking (model AOS-0, SBS Instruments, Badalona,
Spain). Cell viability after the experiment was >80%. All chemi-
cal products were obtained from Sigma (St Louis, MO).

PTH secretion

After extraction, rat parathyroid glands were stabilized in
incubation medium at 1.25 mM Ca for 6 h. Then, the com-
bined effect of changes in Mg and Ca concentrations on PTH
secretion was determined. The parathyroid glands were con-
secutively incubated for a 1 h period in Ca concentrations of
0.8, 1.0, 1.2 and 1.5 mM. The same experiment was repeated
using Mg concentrations of 0.5, 1.0, 2.0 and 5.0 mM. At the
end of the incubation period, an aliquot of the medium was
frozen at −20°C for PTH measurement. Intact rat PTH levels
were quantified using an Elisa kit (Immutopics, San Clemente,
CA). Set points of the PTH-Ca curve were calculated as the
concentration of Ca corresponding to the midrange between
the values of maximal and minimal PTH secretion.

mRNA expression

Parathyroid glands were incubated for 6 h at 0.8, 1.0 and
1.5 mM Ca in presence of physiological (0.5 mM) or elevated
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(2 mM) Mg level. At the end of the incubation period, the
glands were freeze-dried and stored at −80°C for later PTH
mRNA, VDR mRNA, CaR mRNA, FGFR mRNA and klotho
mRNA measurements. For RNA isolation, 1 mL of phenol-
guanidine isothiocyanate solution (Tri-Reagent, Sigma) was
added to the glands.

The glands were exposed to ultrasound for 5 min at 4°C to
allow for complete cell rupture. Thereafter, total RNA was ex-
tracted following a modification of the previous protocol [20].
Extracted total RNA was dissolved in nuclease-free water
(Sigma, St. Louis, MO) and heated for 10 min at 60°C. Total
RNA was quantified by spectrophotometry (NanoDrop, Wil-
mington, DE). CaR, VDR, FGFR and Klotho mRNA
expression were determined by real-time RT-PCR, and beta-
actin mRNA levels were assessed as internal controls (Sensi-
Mix SYBR No-ROX One-Step Kit, Bioline, London, UK).
Quantitative real-time reverse transcriptase-PCR (Light cycler;
Roche Diagnostics, Basel, Switzerland) was performed using
specific primers and 50 ng of total RNA/sample. Table 1
shows the sequences of the primers.

Immunohistochemistry

After 6 h of incubation with normal (0.5 mM) or high (2
mM) Mg and 0.8, 1.0 or 1.5 mM Ca, the parathyroid glands
were fixed in 4% formalin. Three-micrometre sections were
deparaffinized and incubated in 0.3% H2O2 in methanol for
30 min. Then, sections were microwave-treated in 0.01 mmol/
L citrate buffer (pH 6) for 20 min. Sections were blocked with
goat serum 10% for 40 min, then the sections were incubated
overnight at 4°C in a humidified chamber with primary affi-
nity-purified rat anti-VDR mAb (Chemicon Int., Temecula,
CA; 1:100 dilution), mouse anti-FGFR1 mAb (GeneTex,
Irvine, CA; 1:200 dilution), mouse anti-CaR mAb (Abcam,
Cambridge, UK; 1:500 dilution) or rabbit anti-Klotho anti-
body (Alpha Diagnostic, Int., San Antonio, TX; 1:50 dilution).
After rinsing, the sections were incubated for 40 min at room
temperature with a peroxidase-labelled polymer conjugated to
goat antimouse/rabbit Igs and treated with 3,30 diaminobenzi-
dine-tetrachloride chromogen solution for 10 to 20 min (En-
Vision + System HRP [DAB]; DakoCytomation, Glostrup,
Denmark; 1:100 dilution). Every step was followed by three
washes with phosphate-buffered saline for 5 min. Sections were
counterstained with haematoxylin (Dako). Immunoreactivity
was assessed using NIH image freeware 1.62. Distinct positive
staining was quantified in randomly selected areas on each
specimen, in a blinded manner, over a minimum of five fields
in more than three sections. The expression of CaR, VDR,
Klotho and FGR1 was measured by calculating the average
optical density (OD) per section of tissue by dividing the sum
integrated OD by the sum area (background staining was sub-
tracted from this value). To avoid the interference of nonspecific
positive staining, plots of <30 pixels were excluded.

Statistical analysis

Results are expressed as the mean ± SEM (n = 9 in each
group: three different experiments with three repetitions). The
difference between mean values for three or more groups was as-
sessed by one-way analysis of variance (ANOVA) followed by

post hoc Duncan analysis. The difference between means for two
different groups was determined by t test. A P value of <0.05 was
considered significant. These analyses were performed with the
assistance of a computer program (SPSS 15.0, Chicago, IL).

RESULTS

The effect of magnesium on PTH secretion in vitro

Results from in vitro testing of PTH secretory response to
changes in Ca and Mg are presented in Figure 1. Figure 1A
shows the PTH results in pg/mL. Furthermore, in order to stan-
dardize the change in PTH and avoid small differences in PTH
values attributable to minimal differences in the total amount of
parathyroid tissue in the 10 glands of each well, the results are
also presented as percent versus basal calcium in Figure 1B. Incu-
bation of parathyroid glands with increasing Ca concentrations
produced a concentration-dependent decrease in PTH values.
Increasing Mg concentrations from 0.5 to 1 and 2 mM pro-
duced a left shift of the PTH-Ca curves. Thus, the set points of
the PTH curves were 1.12; 1.02 and 0.91 mM Ca for Mg con-
centrations of 0.5; 1 and 2, respectively. With the extreme Mg
concentration of 5 mM, the secretory response was practically
abolished at all Ca concentrations.

The addition of Mg to the medium reduced PTH secretion,
but the degree of inhibition varied according to the Ca concen-
tration. This is shown in Figure 1C, which depicts the data in a
different way so that differences become more clearly visible.
At the lowest Ca concentration (0.8 mM) with normal 0.5 mM
Mg, maximal PTH secretion was observed; PTH increased to
more than twice as with normal 1.25 mM Ca and 0.5 mM Mg.
Mg concentrations of 1.0 and 2.0 mM had no significant effect
on PTH secretion. Only an extremely high Mg concentration
of 5.0 mM produced a significant 62% decrease in PTH
secretion to values slightly lower than the PTH observed with
normal Ca and Mg of 0.5 mM. At a Ca concentration of 1.0
mM with 0.5 mMMg, PTH secretion was almost twice as high
as with normal Ca. Here, the addition of both Mg 2.0 and 5.0
mM significantly decreased PTH secretion by 38 and 68%,
respectively, to reach levels that were 120 and 60% of the PTH
observed with normal Ca and Mg of 0.5 mM (Figure 1C); Mg
1.0 mM did not significantly reduce PTH secretion in this
setting. At a normal 1.2 mM Ca concentration, Mg concen-
trations of 1.0 mM and 2.0 mM did not reduce PTH secretion
significantly. Only an extremely high Mg concentration (5.0
mM) produced a significant 54% reduction in PTH secretion
to levels that were 56% of that with normal Ca and Mg of 0.5
mM. Finally, when parathyroid glands were incubated with
high Ca (1.5 mM), only the concentration of 5.0 mM Mg was
able to decrease PTH secretion (by 37%) to levels that were
43% of normal Ca and 0.5 mM Mg, while no effect was de-
tected with Mg 1.0 and 2.0 mM (Figure 1C).

The effect of magnesium on parathyroid CaR, VDR,
FGFR1 and Klotho expression

From previous experiments, it became apparent that the
inhibition of PTH by Mg was observed mainly when the
serum Ca was 1.0 mM. The next set of experiments evaluating
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the effect of Mg on parathyroid CaR, VDR, FGFR1 and Klotho
expression were performed using a Ca concentration of 1.0
mM and a Mg concentration of 0.5 or 2.0 mM.

The mRNA levels of CaR, VDR, FGFR1 and Klotho exhib-
ited a 2.2, 1.6, 3.9 and 4.6-fold increase, respectively, at a Mg
concentration of 2.0 mM when compared with 0.5 mM Mg
(P < 0.05 in all the comparisons) (Figure 2). As the expression
of the different mRNAs (CaR, VDR, FGFR1 and Klotho)
changed in the same direction, we evaluated the expression of
PTH mRNA to prove that the control gene performance was
stable in this in vitro setting. PTH mRNA levels lowered to
a 73 ± 5% at Mg 2.0 mM when compared with Mg 0.5 mM,
P < 0.05 (Figure 2E).

The expression of these receptors at protein level was also
evaluated by immunohistochemistry; protein content paral-
leled mRNA expression levels. Parathyroid CaR staining
showed a 1.4-fold increase at 2.0 mM Mg when compared
with 0.5 mM Mg (P < 0.05) (Figure 3A). Parathyroid VDR
protein expression was also upregulated at 2.0 mM Mg by 1.2-
fold with respect to the levels found at 0.5 mM Mg (P < 0.05)
(Figure 3B). Finally, immunohistochemical analysis revealed
that both FGFR1 and Klotho staining were 1.8- and 1.4-fold
greater, respectively, at 2.0 mM than at 0.5 mMMg (P < 0.05).

DISCUSSION

The present study evaluates the combined effect of changes in
Ca and Mg on parathyroid gland function. The work was per-
formed by incubating whole parathyroid glands in Ca concen-
trations ranging from 0.8 to 1.5 mM; the experiments were
repeated at different Mg concentrations. Our results show that
Mg reduces PTH secretion mainly if serum Ca is somewhat
below normal. In addition, Mg upregulates pivotal parathyroid
CaR, VDR and FGFRI/Klotho at mRNA and protein levels.

In vivo animal and clinical studies [2, 14–17, 21–23] have
shown that high Mg concentrations inhibit PTH secretion.
Clinical studies on patients on haemodialysis and peritoneal
dialysis showed that serum Mg was inversely and indepen-
dently associated with PTH concentrations, even after adjust-
ing for Ca and phosphorus levels [16, 17]. In an attempt to
isolate the specific effect of Mg on PTH secretion, in vitro
studies were also performed many years ago [10–13]. However,
these were carried out in isolated parathyroid cells that rapidly
lose CaR [24]. Thus, it appeared worthy to evaluate this effect in
an in vitro model of intact parathyroid glands as this allows the
elucidation of a direct effect of phosphorus on PTH secretion
[19], which had been elusive in isolated parathyroid cells.

In the present study, we found that Mg reduced PTH
secretion in an in vitro model of intact rat parathyroid glands.
This is in accordance with previous studies in dispersed
human and bovine parathyroid cells [10–13, 25]. However, we
found that high Mg was able to reduce PTH only when para-
thyroid glands were exposed to moderately low Ca concen-
trations. The PTH–Ca curves obtained with progressively
increasing Mg concentrations (from 0.5 to 5 mM) were con-
sistently shifted to the left; thus, there was a decrease in the set
point of Ca for PTH secretion. With normal to high Ca con-
centrations, only an extremely high Mg concentration of 5.0
mM was able to decrease PTH secretion; the effect of lower
Mg concentrations was minor or absent. However, at 1 mM
Ca (8 mg/dL total Ca), a serum concentration at the lower end
in dialysis patients, the inhibitory effect of a Mg concentration
of 2.0 mM was clearly evidenced. Interestingly, at 0.8 mM Ca
the inhibitory effect of Mg was not observed anymore.
It appears that in the setting of marked low calcium concen-
tration, the parathyroid glands are strongly stimulated, so that
only very high doses of Mg are able to decrease PTH secretion.
In the general dialysis population, low Ca concentration is not
the major concern; rather high Ca concentrations have been
described to be associated with negative outcomes. But at high
Ca concentrations, high Mg concentrations do not seem to
pose a problem according to our experiments.

The relative potencies of Ca and Mg in inhibiting PTH
secretion were previously addressed by Habener and Potts [10]
and Brown’s group [12, 13], who reported that Ca was about
three times more potent than Mg in reducing PTH secretion
in vitro. Our results allow the following conclusion: at a Mg
concentration of 0.5 mM an increase in Ca from 1 to 1.5 mM
(delta of 0.5 mM) reduces PTH by 57%; on the other hand, if
Ca is maintained at 1 mM and the Mg concentration is in-
creased by 0.5 mM (from 0.5 to 1 mM), the PTH secretion de-
creases by 14%. The ratio 57/14% is 4.0, indicating that Ca is
four times more potent than Mg in suppressing PTH.
However, the ability of Mg to decrease PTH is constant at all
calcium concentrations. At 1 mM Ca, an increase in Mg concen-
tration from 0.5 to 2.0 mM (delta of 1.5 mM) reduces PTH by
38%. An equal 38% decrease in PTH secretion is obtained with
only a small increase in Ca from 1.0 to 1.2 mM (see Figure 1).
Thus, the relative potency of Ca and Mg in reducing PTH
secretion varies according to the basal serum Ca concentration
and the degree of change in both Mg and Ca. Still, the potency
of Ca in suppressing PTH is at least four times greater than that
of Mg, which is close to what has been published before.

It is known that, like Ca, Mg is able to activate the CaR;
though binding sites for Ca and Mg seem to be different.

Table 1. Primers used for qRT-PCR

Primer Forward Reverse

CaR 50-TGGAGAGACAGATGCGAGTG-30 50-GTC CAC GCC AGA AAC TCA AT-30

VDR 50-ACAGTCTGAGGCCCAAGCTA-30 50-TCCCTGAAG TCAGCGTAGGT-30

Β-actin 50-TGTCACCAACTGGGACGATATGGA G-30 50-ACAATGCCAGTGGTACGACCAGA-30

PTH 50-TTGTCTCCTTACCCAGGCAGAT-30 50-TTTGCCCAGGTTGTGCATAA-30

FGFR1 50-CAATGTCTCAGATGCACTGCCA-30 50-ACAGGCCTACGGTTTGGTTTG-30

Klotho 50-GAAAATGGCTGGTTTGTCTCG-30 50-CCTGATGGCTTTTAAGCTTTC-30
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However, differences between Ca and Mg-elicited actions may
be further related to mechanisms other than how Mg interacts
with the CaR [2]. Mg and Ca may activate different intracellu-
lar signalling pathways. The paradoxical decrease in PTH
secretion observed at any given Ca concentration under Mg
deficiency in vivo, in vitro and in patients with severe hypo-
magnesaemia [26–28] was explained by a mechanism invol-
ving an intracellular increase in the activity of G alpha
subunits of heterotrimeric G-proteins [29]. Besides, as
deduced from a study by the group of Fitzpatrick et al. [30],
addition of extracellular Mg to single isolated bovine

parathyroid cells was able to affect PTH secretion through
changes in intracellular Ca concentrations via two different
CaR-independent mechanisms.

Ca also regulates parathyroid function by modulating the
expression of key inhibitory receptors such as the CaR, VDR
and FGFR/Klotho. In the present study we addressed whether
Mg is also able to regulate the CaR expression. We did this by
incubating parathyroid glands at a Ca concentration of 1.0

F IGURE 1 : Effect of calcium on PTH secretion at different mag-
nesium concentrations in vitro. Intact, normal rat parathyroid glands
were incubated at basal 1.25 mM Ca, and then, they were incubated
for 1 h consecutive periods at Ca concentrations of 0.8, 1.0, 1.2 and
1.5 mM. The same experiment was repeated with each of the follow-
ing Mg concentrations: 0.5, 1.0, 2.0 and 5.0 mM. PTH results are
shown in pg/mL (A) and as % versus basal calcium (B) to standardize
the change in PTH, avoiding differences in the total amount of para-
thyroid tissue. Values are expressed as means ± SEM (n = 9 in each
group: three different experiments with three repetitions). (B) Data of
PTH secretion at each different levels of calcium. Values are expressed
means ± SEM (n = 9 in each group: three different experiments with
three repetitions). *P < 0.05 versus Mg 0.5 mM in the same Ca group.

F IGURE 2 : The effect of magnesium on the mRNA expression of
parathyroid CaR, VDR, FGF23 and Klotho in vitro. Intact, normal rat
parathyroid glands were incubated for 6 h with normal (0.5 mM) or
high (2.0 mM) Mg concentration in the medium with Ca 1.0 mM.
CaR, VDR and FGF23/Klotho mRNA levels were measured by quan-
titative real-time RT-PCR (versus β-actin mRNA). The expression of
PTH mRNA (E) was also measured to prove that the control gene
performance was stable in this in vitro setting. Values are expressed as
means ± SEM (n = 9 in each group: three different experiments with
three repetitions). *P < 0.05 versus Mg 0.5 mM.
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mM and Mg concentrations of 0.5 or 2.0 mM, which are
inside the physiologically possible range. The expression of
CaR, measured both at mRNA and protein levels, was upregu-
lated by high Mg concentration. Thus, this distinct effect of
Mg on the CaR expression represents an additional contri-
bution of this cation to reduce PTH secretion. From previous
own experiments [9, 31], we know that the minimal incu-
bation period required for seeing a response in gene expression
is 6 h. Therefore, the inhibitory effect of Mg on PTH secretion
observed in our in vitro experiments cannot be attributed to
changes in parathyroid CaR expression because the PTH
secretion was evaluated after a 1 h of incubation, which is not
enough time to allow for changes in CaR expression.

The effect of Mg on the expression of the parathyroid VDR,
another key receptor in the regulation of PTH secretion, was
also evaluated. The expression of VDR is upregulated by Ca
[6] and calcimimetics [31]. Here, we show that Mg upregulates
the VDR expression at mRNA and protein levels. This effect of
Mg would favour the inhibition of PTH secretion by vitamin D.

Recent studies have shown that FGF23 regulates parathyr-
oid function. FGF23 exerts an inhibitory effect on PTH
secretion and parathyroid cell proliferation by binding to the
receptor FGFR1 in the presence of its co-receptor Klotho [9,
32]. Klotho and FGFR are abundantly expressed in normal
parathyroid cells, but in hyperplastic parathyroid glands the
expression of FGFR1 and Klotho is markedly reduced, which
likely makes the tissue resistant to the action of FGF23 [9].
Both FGFR1 and Klotho gene expression are upregulated by
Ca [9]. Thus, we assessed whether Mg is also able to modulate
the expression of these receptors. The results of this study
show higher levels of both receptors in the parathyroid glands
incubated with high (2.0 mM) Mg concentration when com-
pared with those observed with normal (0.5 mM) Mg concen-
tration. Therefore, the increased levels of expression of FGFR1
and Klotho may be considered as an additional mechanism
underlying the downregulation of PTH secretion by Mg.

The capacity of Mg to modulate the expression of the CaR
and, subsequently, of the VDR and the FGFR1/Klotho at long
term suggests that this cation could be considered as a wide-
range inhibitor of the whole parathyroid function. Further-
more, the inhibitory effects of Mg on parathyroid function,
mainly when Ca is moderately low, could help to control sec-
ondary hyperparathyroidism. Interestingly, Mg also would
favour the efficiency of therapeutic molecules targeting the
parathyroid CaR, VDR or FGF23/Klotho. On the other hand,
it is also important to emphasize that the decrease in PTH
secretion did not result in an oversuppression of PTH at mod-
erately elevated Mg concentrations. Our data certainly suggest
that hypomagnesaemia should be avoided. In those cases of
suppression of PTH by high Ca, the increased levels of Mg had
limited additional suppressive effect on PTH. In the present
study, performed with parathyroid glands from rats with
normal renal function, we observed that Mg induced up-regu-
lation of CaR, VDR and FGFR/Klotho. However, since the
effect of Mg is through the activation of the CaR, and this re-
ceptor is usually down-regulated in CKD, results could be
different in hyperplastic parathyroid glands from uraemic rats.
Although this surely deserves to be evaluated in future studies,

F IGURE 3 : The effect of magnesium on the protein expression of
parathyroid CaR, VDR, FGF23 and Klotho in vitro. Intact, normal rat
parathyroid glands were incubated for 6 h with normal (0.5 mM) or
high (2.0 mM) Mg concentration in the medium with low Ca 1.0
mM. Parathyroid glands were processed for immunohistochemical
evaluation of CaR, VDR, FGF23 and Klotho protein. (A) Images are
representative of four glands from three different experiments. Posi-
tive reaction (brown deposits) was revealed by the diaminobenzidine-
tetrachloride system. Sections were counterstained with hematoxylin.
Original magnification ×200. (B) Quantification of positive staining.
It was performed in a minimum of five fields in more than three sec-
tions per specimen. *P < 0.05 versus Mg 0.5 mM.
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it could be assumed that higher levels of Mg should be needed
to maintain comparable levels of CaR activity as well as the
corresponding upregulation of the other receptors. Thus,
avoiding hypomagnesaemia (and hypocalcaemia) in CKD pre-
vents downregulation of key parathyroid receptors (CaR,
VDR, Klotho FGFR1).

In conclusion, the results of this study show that parathyr-
oid glands are sensitive to an inhibitory effect of Mg only
when a moderate low calcium concentration is present. Mg
also modulates the function of parathyroid glands through up-
regulation of the key cellular receptors CaR, VDR and the
FGF23/Klotho system.
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ABSTRACT

Background. The prevention and restoration of peritoneal
damage is a critical mission in peritoneal dialysis (PD). Trans-
plantation of mesothelial cells has been suggested to suppress
peritoneal injury during PD. Few studies have examined the
efficacy and safety of cell transplantation. We evaluated
the paracrine effects of mesothelial transplantation during
peritoneal repair using immortalized temperature-sensitive
mesothelial cells (TSMCs) in chlorhexidine gluconate (CG)-
induced peritoneal fibrosis rats.
Methods. Continuous-infusion pumps containing 8% CG
were placed into the abdominal cavity for 21 days. After the
removal of the pumps, the TSMCs were injected into the
peritoneal cavity at Day 22 (Tx-1 group) or 29 (Tx-2 group).
Morphological findings and mRNA expressions of regeneration-
related factors were examined at Days 22, 29 and 35.
Results. Peritoneal thickness was aggravated in the Tx-1 group.
Levels of transforming growth factor (TGF)-β, vascular endo-
thelial growth factor (VEGF) and matrix metalloproteinase-2
mRNA in the Tx-1 group at Day 35 were comparable with
those at Day 22. The levels of Snail, B-Raf and ERK-1, markers

of epithelial to mesenchymal transition and of the RAS/MAPK
pathway in the Tx-1 group, were significantly higher than those
in the Tx-2 group. TGF-β and VEGF were produced from the
transplanted mesothelial cells and the surrounding cells in the
Tx-1 group.
Conclusion. It appears that the paracrine effect of trans-
planted mesothelial cells during peritoneal repair is associated
with its surrounding condition. It is important to determine
the most appropriate time for developing peritoneal repair
through mesothelial transplantation.

Keywords: EPS, mesothelial cells, peritoneal dialysis, perito-
neal injury, transplantation

INTRODUCTION

Peritoneal dialysis (PD) is a common renal replacement
therapy for patients with end-stage kidney disease, and the
preservation of residual kidney function and the high qua-
lity of life are advantages of PD treatment. The peritoneal
membrane is lined by a monolayer of mesothelial cells that
have some of the characteristics of epithelial cells, act as a per-
meability barrier, and secrete various substances involved in
the regulation of peritoneal permeability and local host
defense [1–3]. Long-term exposure to the hyperosmotic,

O
R
IG

IN
A
L
A
R
T
IC

L
E

© The Author 2013. Published by Oxford University Press on behalf of ERA-
EDTA. This is an Open Access article distributed under the terms of the Creative
Commons Attribution Non-Commercial License (http://creativecommons.org/
licenses/by-nc/3.0/), which permits noncommercial re-use, distribution, and
reproduction in any medium, provided the original work is properly cited. For
commercial re-use, please contact journals.permissions@oup.com

289



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 175
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50286
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG2000
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 175
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50286
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG2000
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 20
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages true
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 175
  /MonoImageDepth 4
  /MonoImageDownsampleThreshold 1.50286
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


