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Summary Low intracellular
magnesium (Mg) contents may be
observed in case of severe Mg in-
sufficient intake or because of ge-
netic regulation. This work was
conducted to investigate the influ-
ence of intracellular Mg content on
erythrocyte Mg?* influx and efflux
in mice with low nutritionally and
genetically (MGL and MGH mice)
Mg status. C57BL6 mice were fed
for 2 wks a diet containing 1000 mg
Mg/kg diet Mg (control group),
100 mg Mg/kg diet (Mg-marginal
group) or 30 mg Mg/kg diet (Mg-
deficient group), while mice with
low (MGL) and high (MGH) Mg
levels were fed a control diet for 2
wks. The quantification of erythro-

cyte Mg?* influx and efflux was
performed using a stable isotope of
Mg. Our results showed that ery-
throcyte Mg?* influx and efflux
were respectively increased and de-
creased in nutritional Mg defi-
ciency; while in genetically deter-
mined Mg status Mg?* fluxes were
lower in MGL mice compared to
MGH mice. Moreover Mg?* efflux
was significantly correlated to Mg
level in erythrocytes in all the mice
studied (p <0.001). In conclusion,
erythrocyte Mg?* influx and efflux
are modulated by low Mg status,
namely decreased Mg?* efflux com-
pensate for nutritional Mg defi-
ciency, while the genetic regulation
of erythrocyte Mg?* content de-
pends on modification of Mg?* in-
flux.

Key words Mg?* influx - Mg?*
efflux - erythrocyte - stable
isotope — Mg status - genetic
regulation

Introduction

Magnesium (Mg), the second most common intracellu-
lar cation, is involved in many enzymatic reactions and
is critical in ion transport systems [1]. Intracellular free
Mg is maintained at a relatively constant level, even if
the extracellular Mg level varies, due to specific Mg?*
transport systems that regulate the rates at which Mg?*
is taken up into cells or extruded from cells. Mg?* influx
is basically driven by the electrochemical gradient via

channels and carriers [2]; recently TRPM?7, a candidate
for the regulation of Mg?* influx, has been described
and characterised at a molecular and functional level
[3]. Cellular Mg output results mainly from a Na*- and
ATP-dependent Mg?** efflux via an Na*/Mg?* antiport
(4, 5].

Despite the regulation of cellular Mg homeostasis,
low intracellular Mg content may be observed in case of
severe Mg insufficient intake, or because of dysregula-
tion of Mg metabolism. Moreover, cell Mg levels may be
modulated by genetic factors [6].
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Until recently, studies on Mg?* flux were limited by
the fact that simultaneous determination of Mg?* flux
was not possible. In our laboratory, we have developed a
new method using a stable isotope of Mg, which allows
the simultaneous determination of Mg?** influx and
efflux in erythrocytes [7, 8]. We showed that modifying
extracellular Mg concentrations, to mimic hypo-magne-
saemia, Mg?* efflux and Mg?* influx increased with ex-
tracellular Mg up to 0.8 mM, which corresponds to the
physiologic concentration of total extracellular Mg.

In this work, we investigated the influence of intra-
cellular Mg content on erythrocyte Mg?* flux in two
mice models presenting low Mg status: nutritionally
Mg-deficient mice and genetically low Mg mice. The lat-
ter model of mice selected for low (MGL) and high
(MGH) Mg levels was developed to investigate the mech-
anisms of the genetic regulation of cellular Mg home-
ostasis [9, 10].

Materials and methods
Animals and diets

Sixty female C57BL6 mice (Charles River, UArbresle,
France) aged 18 weeks and forty female mice selected for
high (MGH) and low (MGL) erythrocyte Mg levels, aged
17 weeks, were studied. MGL and MGH mice, developed
by Henrotte etal. [9], were bred in our laboratory animal
colony (National Institute of Agronomic Research, Cler-
mont-Ferrand-Theix, France). These mice were ob-
tained from a bidirectional selective breeding over 18
generations from a heterogenous outbred population of
F2 segregant hybrids among the four inbred strain
C57BL6,DBA2,C3He and AKR. Assortive mating of mice
with the lowest erythrocyte Mg values produced the
MGL strain, and assortive mating of mice with the high-
est erythrocyte Mg values produced the MGH strain
[11]. Mice were housed under conditions of constant
temperature (20-22 °C), humidity (45-50 %) and a stan-
dard dark cycle (20.00-08.00 hours). Our institution
guidelines for the care and use of laboratory animals
were observed.

C57BL6 mice were randomised into three groups of
20 animals; for 2 wk, each was fed a semipurified diet
containing 1000mg Mg/kg diet Mg (control group),
100mg Mg/kg diet (Mg-marginal deficient group) or
30 mg Mg/kg diet (severe Mg-deficient group). MGL and
MGH mice received a control diet (1000 mg Mg/kg in
their diet) for 2 wk. All mice were given free access to dis-
tilled water and food. The semipurified diets contained
the following (g/kg): casein 200, starch 650, corn oil 50,
alphacel (cellulose) 50, DL-methionine 3, choline bitar-
trate 2, modified AIN-93 mineral mix 35, AIN-97A vita-
min mix 10 (ICN Biomedicals, Orsay, France) [12]. Mg
level in the three experimental diets was determined by

flame atomic absorption spectrometric analysis (Perkin
Elmer 800, St-Quentin-en-Yvelines, France).

Evaluation of Mg status

Blood was obtained from anaesthetised mice with pen-
tobarbital (Ceva Santé Animale, Libourne, Fr) by punc-
tion in the abdominal vein with a heparinised syringe
(sodium heparinate, Panpharma SA Fougeres, Fr). Tibia
were also collected. A blood counter (Animal Blood
Counter, Strasbourg, France) was used to determine
hematological parameters for C57BL6 mice. In order to
obtain enough red blood cells for Mg flux measurement,
blood from 2 mice were pooled. Samples were then cen-
trifuged at 1000 g for 10 min at 20 °C and RBC were safe-
guarded. For total Mg determination, plasma and
haemolyzed erythrocytes were diluted in 0.1% lan-
thanum chloride. For tibia analysis, the tissue was first
dried, dry-ashed for 10 hours at 500 °C, taken up with
HNO; and H,0, and heated at 110°C, and then dried
down. The dry residue was taken up with concentrated
HNO; and appropriately diluted in 0.1% lanthanum
chloride. Mg concentration was determined by atomic
absorption spectrophotometry (Perkin Elmer 800, St-
Quentin-en-Yvelines, France) at 285 nm.

Mg?* efflux and Mg?* influx [7]

The erythrocytes were washed twice at 20°C in 10ml
of the washing solution (KCl 140 mmol/L, Hepes
30mmol/L pH 7.4, sucrose 50mmol/L, glucose
5mmol/L), suspended at 10% in the incubation media
(NaCl 150 mmol/L, Hepes 10 mmol/L pH 7.4, glucose
5mmol/L, Mg 0.4mmol/L) and were incubated at
37°C. Aliquots of the cell suspension (1 mL) were cen-
trifuged (5000 g, 5 min, 20°C) at the beginning of the in-
cubation [0] and after 120 min (T). The supernatant was
separated, and erythrocytes were washed twice with the
washing solution and haemolised for Mg analysis.

24Mg, Mg and Mg content in supernatants and ery-
throcytes was determined by ICP/MS (Elan 6100 DRC,
PERKIN ELMER, Courtaboeuf, France) after appropri-
ate dilution with 0.14 M HNO; using beryllium (Be) and
Mg as internal and external standards, respectively. Ery-
throcyte Mg?* efflux and influx were then calculated ac-
cording to the following equations:

Mg?* efflux in pmol/L cells = [>*Mg] - [2*Mg] o in su-
pernatant x erythrocyte dilution in the cell sus-
pension

Mg?* influx in umol/L cells = [>*Mg in cells - Mg in
cells]t x 0.1 - [®Mg in cells - 26Mg in cells] o x
0.1, where 0.1 is the natural abundance of >Mg.

Given the calibration process, the ICP-MS machine gives
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the quantitative results of each measured isotope as if
the natural abundance for each isotope was 100 %.
Therefore, it was necessary to subtract the amount of
26Mg from the amount of Mg in the erythrocyte. In-
deed, erythrocyte 2Mg represents the natural erythro-
cyte Mg but erythrocyte Mg represents both the nat-
ural erythrocyte Mg plus Mg derived from the
incubation medium.

To exclude Mg?* efflux caused by cell damage, ery-
throcyte haemolysis was systematically measured by
haemoglobin (Hb) determination in the supernatants
(cyanmethaemoglobin, at 546 nm). An haemolysis in su-
pernatants lower than 1.5% of total haemolysis, which
did not increase significantly during the experiment,
was considered in the range of normality and was there-
fore not taken into account.

25Mg enrichment

Mg enrichment in NaCl medium was measured in ery-
throcytes concomitantly to Mg flux measurement, as
previously described in whole blood [13].

Statistical analysis

Results were expressed as means + SD. Statistical analy-
sis were based on Student’s t-test, on one-way ANOVA
followed by a Tukey Kramer multiple comparisons test
and on simple linear regression. The limit of statistical
significance was set at P < 0.05. Statistical analyses were
performed using the GraphPad program (V3.00, Graph-
Pad Software, San Diego, CA).

Results
Parameters of the mice and Mg status
The weight of mice fed the Mg-deficient diet was signif-

icantly less than that of those fed the control diet or the
marginally deficient diet (Table 1). For Mg-deficient diet

group, only 4 pooled blood samples were analysed be-
cause of the mortality during the experiment. Mg con-
tent in plasma, erythrocytes and tibia were significantly
lower in the Mg-deficient group compared to the control
group or the marginally Mg-deficient group. No diffe-
rence was observed between the control group and the
marginally Mg-deficient group for the studied parame-
ters.

The weight of MGH mice was significantly lower than
for MGL mice (Table 2). Mg content in plasma, erythro-
cytes and tibia were significantly lower in MGL mice
compared to MGH mice (Table 2).

Haematological parameters in the controls,
marginally Mg-deficient or Mg-deficient mice

Red blood cell (RBC) counts were significantly in-
creased, while Hb and haematocrit (Ht) levels and mean
corpuscular volume (MCV) were significantly de-
creased in Mg-deficient mice by comparison to control
mice and marginally Mg-deficient mice (Table3), re-
flecting anemia in Mg-deficient mice.

Erythrocyte Mg?* influx and Mg?* efflux
As shown in Fig. 1, erythrocyte Mg?* influx was signifi-
cantly increased in mice when Mg level in the diet was

decreased (p <0.05). Mg?* influx increased from 6 % in
marginal Mg-deficient diet to 14% in severe Mg-defi-

Table2 Characteristics of the MGH and MGL mice

MGH MGL
Weight' (g) 25.9+4.38 30.2+2.8%
Plasma Mg (mmol/L) 1.09£0.10 0.94+0.06*
Erythrocyte Mg (mmol/L) 2.69+0.25 2.14+0.21%*
Tibia Mg (mmol/g dry tibia) 0.249+0.018 0.154£0.019**

Results are mean = SD, n = 10 except for tibia MGL where n = 8;'n = 20
Statistical significance: * p < 0.01, ** p < 0.001

Table1 Characteristics of the controls, marginally

afie Cafe ] Characteristics Control mice Marginally deficient Deficient mice
Mg-deficient or Mg-deficient mice (1000 mg Mg/kgdiet) (100 mgMg/kgdiet) (30 mg Mg/kg diet)
Weight' (g) 20.5+0.8? 20.6+1.12 19.5+0.7>
Plasma Mg (mmol/L) 0.856+0.126° 0.845+0.060° 0.215+0.044>
Erythrocyte Mg (mmol/L) 243+0.16 2.21+0.382 0.96+0.13°
Tibia Mg (mmol/g wet tibia) 0.107+0.009° ND 0.080+0.013"

Results are mean = SD, n = 10 except for deficient mice where n = 4 for plasma and erythrocytes
n = 20 except for deficient mice where n = 8. Means in a row not sharing the same superscript are significantly
different (One way-ANOVA followed by a Tukey Kramer multiple comparisons test, p < 0.05)

ND not determined
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Table3 Haematological parameters of the controls, . . . . .
; . ) . Control mice Marginally deficient Deficient mice
lly Mg-defi Mg-defi

marginally Mg-deficient or Mg-deficient mice (1000 mg Mg/kg diet) (100 mg Mg/kg diet) (30 mg Mg/kg diet)
RBC (10¢/mm3) 7.45+0.66 7.61£0.65? 8.65+0.50°
MCV (um3) 43.6+0.60° 43.6+0.60° 41.8+0.67°
Hb (g/dL) 12.72£1.107 12.99+£1.112 14.34+0.91°
Ht (%) 32.47+291° 33.14+2.78° 36.27+2.27°

Results are mean + SD, n = 20 except for deficient mice where n = 8. Means in a row not sharing the same su-
perscript are significantly different (One way-ANOVA followed by a Tukey Kramer multiple comparisons test,

p <0.05)

RBC red blood cells; MCV mean corpuscular volume; Hb haemoglobin; Ht haematocrits

P <0.05
200 ~
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Margina | deficiency E3 MGL
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Fig. 1 Mginfluxinerythrocytes from control, marginally Mg-deficient and Mg-de-
ficient mice and in erythrocytes from MGH and MGL mice. Results are mean =+ SD,
n =10 except for deficient mice where n = 4. For mice with nutritionally deter-
mined Mg status, means not sharing the same superscript are significantly different
(One way-ANOVA followed by a Tukey Kramer multiple comparisons test, p < 0.05)
and for mice with genetically determined Mg status, statistical significance (stu-
dent ttest): * p < 0.001

cient diet. Moreover, as shown in Fig.2, erythrocyte
Mg?* efflux was significantly decreased when the Mg
level in the diet was decreased (p <0.001). It decreased
from 15 % in marginally Mg-deficient diet to 70 % in se-
verely Mg-deficient diet.

As shown in Figs.1 and 2, erythrocyte Mg?* influx
and efflux were significantly lower in MGL mice com-
pared to MGH mice (p <0.001). Mg?* influx and efflux
were respectively 38 % and 45 % lower in MGL mice than
in MGH mice.

Fig.3 showed that Mg?* efflux was significantly cor-
related to Mg level in erythrocytes in all the studied mice
(p<0.001), and that Mg?* influx was not correlated to
erythrocyte Mglevel (p=0.7626).It is interesting to note
that these results are not influenced by the possible ge-
netic control of MGL and MGH mice, as Mg?* efflux was
still significantly correlated to Mg level (p <0.001) and

P <0.001
400 -
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Fig.2 Mg effluxinerythrocytes from control, marginally Mg-deficient and Mg-de-
ficient mice and in erythrocytes from MGH and MGL mice. Results are mean =+ SD,
n = 10 except for deficient mice where n = 4. For mice with nutritionally deter-
mined Mg status, means not sharing the same superscript are significantly different
(One way-ANOVA followed by a Tukey Kramer multiple comparisons test, p < 0.05)
and for mice with genetically determined Mg status, statistical significance (stu-
dent ttest): * p < 0.001
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Fig.3 Correlation between erythrocyte Mg level and Mg efflux and influx in mice:
n = 40, the regression line is 108.8x + 8.31 for Mg efflux, and —2.4135x + 129.41
for Mg influx

Mg?** influx was not correlated to Mg level (p=0.1779)
when considering only controls, marginally Mg-defi-
cient and Mg-deficient mice.
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ZMg enrichment

2Mg enrichment in percent was significantly higher in
erythrocytes from marginally Mg-deficient mice com-
pared to control mice, and in erythrocytes from severely
Mg-deficient mice compared to marginally Mg-deficient
mice (Table 3). Mg enrichment was two-fold increased
in erythrocytes from Mg-deficient mice compared to
marginally Mg-deficient mice and control mice.

Mg enrichment in percent was significantly lower in
erythrocytes from MGL mice compared to MGH mice
(Table 4). Mg enrichment was 30 % lower in erythro-
cytes from MGL mice compared to MGH mice.

Discussion

As expected during Mg deficiency, markers of Mg status
were altered in Mg-deficient mice by comparison to con-
trols. In fact, plasma, erythrocyte and tibia Mg concen-
trations decreased considerably in Mg-deficient mice.
On the other hand, plasma and erythrocyte concentra-
tions were not different from control levels in margin-
ally Mg-deficient mice. This observation was not unex-
pected and reflected the well known limitation of
plasma and erythrocyte Mg levels as biochemical mark-
ers of Mg status [14]. Since serum Mg represents < 1 % of
total body Mg content, the serum Mg concentration may
not reflect intracellular Mg status. Moreover, erythro-
cyte Mg concentration is not correlated with other tis-
sue pools of Mg [15], as an apparent genetic regulation
of erythrocyte Mg may be a confounding factor ac-
counting for this lack of correlation [6]. Tibia, in turn, is
an excellent tissue marker of Mg status, but unfortu-
nately tibia Mg content was not measured in marginally
Mg-deficient mice because of a technical problem in
processing this tissue. Severely Mg-deficient mice pre-
sented anaemia, with more red blood cells but lower
mean corpuscular volume and haemoglobin content, by
comparison to control or marginally Mg-deficient mice,
as previously described in rats [16].

Table4 Mg enrichment in erythrocytes from the studied mice

Mg enrichment (%)

Control mice (1000 mg Mg/kg diet) 59.9+2.0
Marginally deficient (100 mg Mg/kg diet) 64.4+1.6
Deficient mice (30 mg Mg/kg diet) 130%7¢
MGH mice (1000 mg Mg/kg diet) 724+33
MGL mice (1000 mg Mg/kg diet) 51.3+£3.9%

Results are mean =+ SD, n = 10 except for deficient mice where n = 4

Statistical significance: means for control, marginally Mg-deficient or Mg-deficient
mice not sharing the same superscript are significantly different (One way-ANOVA
followed by a Tukey Kramer multiple comparisons test, p < 0.001); * p < 0.001 be-
tween MGH and MGL mice

Exploration of Mg?* fluxes during Mg deficiency
showed that Mg?* fluxes were altered during both se-
verely and marginally Mg deficiency. Mg?* influx in-
creased with the intensity of Mg deficiency, while Mg?*
efflux decreased. As during marginally Mg-deficiency,
erythrocyte Mg content was not modified, we can as-
sume that the modifications of Mg?** fluxes were suffi-
cient to maintain intracellular Mg homeostasis. In con-
trast, during severe Mg deficiency, the increase in Mg?*
influx and the drastic decrease in Mg?* efflux were not
sufficient to prevent Mg depletion in erythrocyte. Our
results concerning Mg?* efflux are different from those
described by Gunther etal. in Mg-deficient rats [17].
These authors observed that net Mg?* efflux was in-
creased in erythrocytes from Mg-deficient rats. In con-
sidering these discrepancies it must be pointed out the
technical differences in the animal treatment and in pro-
tocols to measure Mg fluxes. In Gunther’s study, Mg?* ef-
flux was determined in erythrocytes from rats after 1
month of Mg-deficient diet, and Mg?* efflux was mea-
sured by atomic absorption spectrometry after erythro-
cyte Mg loading, utilising an ionophore that may have
altered the erythrocyte membrane. Thus, it seems that in
Gunther’s study, Mg efflux could be biased by Mg leak
from membranes. In support of this interpretation, we
previously demonstrated that during Mg deficiency, dis-
turbances in lipid metabolism increased fluidity of the
erythrocyte membrane [18]. Our results of the increased
Mg?* influx and decreased Mg?* efflux during Mg defi-
ciency are supported by the determination of erythro-
cyte Mg enrichment. The determination of Mg en-
richment in blood cells was developed in our laboratory
as a new biomarker of Mg status [19]. This in vitro blood
load test was based on the hypothesis of an increase cel-
lular demand for Mg during Mg deficiency,leading to an
increased in vitro cellular uptake of isotopic Mg. In fact,
we demonstrated that Mg enrichment in blood cells
from Mg-deficient rats was greater than those from con-
trols. In the present study, the in vitro load test was not
performed in blood but in NaCl medium, and we ob-
served that 22Mg enrichment of erythrocytes from Mg-
deficient mice increased with the severity of Mg defi-
ciency. Our results on Mg?* fluxes demonstrated that the
higher Mg enrichment during Mg deficiency resulted
both from an increased in Mg?* influx and a decreased
in Mg?* efflux. These data however do not rule out the
mechanisms of intracellular Mg regulation: raising the
question whether Mg?* efflux counteracts Mg?* influx or
vice versa, or whether both fluxes regulates cellular Mg
homeostasis.

We also investigated Mg?* fluxes in mice selected for
low Mg levels (MGL) and high Mg levels (MGL). MGL
and MGH mice were specifically developed by Henrotte
to investigate the mechanisms and biological signifi-
cance of the genetic regulation of blood Mg levels [9].
We previously demonstrated that MGL mice presented
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lower body stores of Mg and lower body retention of Mg,
and in particular, smaller total Mg exchangeable pool
masses [10]. As expected, MGL mice presented lower
plasma, erythrocytes and tibia Mg levels compared with
MGH mice. Moreover the weight of MGH mice was sig-
nificantly lower than for MGL mice. This has been pre-
viously observed by us (unpublished observation), al-
though it is in contrast with Henrotte’s observation of
slightly but not significantly lower body weight in MGL
mice than in MGH mice [9]. When exploring Mg?*
fluxes, we observed lower Mg?* influx and lower Mg?* ef-
flux in MGL mice by comparison to MGH mice. This re-
sult may seem in contrast with those previously pub-
lished by our group [10]. In that work, we observed
higher Mg?* efflux in erythrocytes from MGL mice by
comparison to MGH mice. Noteworthy, erythrocytes
were loaded with Mg prior to Mg?* efflux measure-
ments, according to Gunther and Vormann [20]. In light
of the discrepancy between the present and previous re-
sults we can affirm that artificial erythrocyte Mg load-
ing can lead to erroneous results concerning physiolog-
ical Mg?* fluxes. Mg enrichment was similar to that
previously observed, i.e. lower enrichment of Mg in
erythrocytes of MGL mice by comparison to MGH mice,
despite a lower Mg level, and contrary to what was ob-
served in Mg-deficient mice compared to Mg-sufficient
mice [10]. Our present results demonstrated that the
lower retention of Mg by MGL erythrocytes in compa-

rison to MGH erythrocytes was not due to enhance Mg?*
efflux but rather to a lower Mg?* influx, suggesting a ge-
netic control of erythrocyte Mg homeostasis by a regu-
lation of uptake rather than release of Mg.

When correlating Mg?* efflux to erythrocyte Mg lev-
els for all the studied mice, we observed a positive cor-
relation. This observation suggests that physiological in-
tracellular Mg levels influence Mg?* efflux. This is
coherent with the observations of Ebel etal. [21] and
Ferreira etal. [22] who reported an increase of Mg?* ef-
flux by Mg loading. In contrast, no correlation was ob-
served between Mg?* influx and erythrocyte Mg con-
tent. Recently, Schmitz et al. [23] showed that the activity
of TRPM7, a candidate for the regulation of Mg?* influx,
declines as intracellular ionised Mg concentration
reaches supra-physiological concentrations. In light of
these observations, our data demonstrated that with
physiological intracellular Mg levels, erythrocyte Mg?*
influx, exploited either by TRPM?7 or any other channel,
was not influenced by the intracellular Mg level.

In conclusion, our results demonstrated that erythro-
cyte Mg?* influx and efflux are modified with Mg status.
We provided evidence to show that the intracellular Mg
level may modulate Mg?* efflux and we suggested a ge-
netic regulation of erythrocyte Mg?* influx.
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