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Abstract: Magnesium is an essential nutrient involved in many important processes in living organ-
isms, including protein synthesis, cellular energy production and storage, cell growth and nucleic
acid synthesis. In this study, we analysed the effect of magnesium deficiency on the proliferation of
SaOS-2 osteosarcoma cells. When quiescent magnesium-starved cells were induced to proliferate
by serum addition, the magnesium content was 2–3 times lower in cells maintained in a medium
without magnesium compared with cells growing in the presence of the ion. Magnesium depletion
inhibited cell cycle progression and caused the inhibition of cell proliferation, which was associated
with mTOR hypophosphorylation at Serine 2448. In order to map the intracellular magnesium
distribution, an analytical approach using synchrotron-based X-ray techniques was applied. When
cell growth was stimulated, magnesium was mainly localized near the plasma membrane in cells
maintained in a medium without magnesium. In non-proliferating cells growing in the presence
of the ion, high concentration areas inside the cell were observed. These results support the role of
magnesium in the control of cell proliferation, suggesting that mTOR may represent an important
target for the antiproliferative effect of magnesium. Selective control of magnesium availability could
be a useful strategy for inhibiting osteosarcoma cell growth.

Keywords: magnesium; osteosarcoma; cell cycle; mTOR

1. Introduction

Magnesium is an essential nutrient with a wide range of metabolic, structural and
regulatory functions [1]. Despite its presence in several types of food, the absorption
and elimination of magnesium might be easily hindered by several factors. Even after its
absorption, many substances may increase the excretion of magnesium in the kidneys and
cause reduced plasma levels, such as excessive alcohol intake, diuretics, coffee, salt, sugar
and excess fat [2].
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It is estimated that from 2.5% to 15% of the world’s population experiences some
form of hypomagnesemia. Magnesium deficiency is frequently observed in industrial-
ized countries. The US National Health and Nutrition Examination Survey (NHANES)
stated that approximately one-half of all American adults have an inadequate intake of
magnesium [3].

Magnesium is the fourth most abundant mineral and the second most abundant in-
tracellular divalent cation in the body. Approximately 50% of magnesium can be found in
bone, and approximately 50% is inside body tissue cells and organs, while less than 1% is
found in the blood. A great deal of evidence shows that magnesium acts primarily as a
signalling element in cell metabolism, and the concept that Mg2+ is simply an electrolyte is ob-
solete [4,5]. In fact, magnesium plays a crucial role in many cellular processes, such as energy
metabolism [6,7], protein and DNA synthesis [8,9] and several studies show that magnesium
content directly correlates to proliferation in normal and transformed cells [10,11].

Intracellular magnesium homeostasis is primarily maintained by the ubiquitously
expressed ion channel transient receptor potential melastatin (TRPM)7, which is a member
of the transient receptor potential (TRP) family, possessing both ion channel and kinase
activities [12]. TRPM7 and its homolog TRPM6 are strictly associated with intracellular
signalling. Upon mitogen stimuli, cells are able to increase their intracellular magnesium
content, most likely activating its influx. In contrast, magnesium deprivation inhibits DNA
and protein synthesis and promotes cell growth arrest. A wide range of literature provides
evidence about the essential role of magnesium in the transduction of proliferative signals.
This could be explained by considering that protein kinases are strictly dependent on the
complex of magnesium and ATP (MgATP2−), which is the biologically active form in all
living organisms [5]. As regards the role of magnesium in the control of cell proliferation,
Rubin [4] postulated that the binding of growth factors to their membrane receptors causes
a perturbation of the plasma membrane and consequently a release of the magnesium
bound to membrane phospholipids. This release leads to a significant rise in the cytosolic
free magnesium concentration, allowing Mg2+ to displace other cations from the ATP
complexes, increasing the active form of MgATP2−.

Despite the evident link between magnesium and cell proliferation, the role of mag-
nesium in cancer cells is scarcely documented and often contradictory [13–15]; in partic-
ular, the role of magnesium in primary bone tumours has not yet been examined. It is
worth noting that in physiological conditions, magnesium plays an important role in bone
metabolism [16–18] and can influence osteoblast and osteoclast differentiation, affecting
bone growth and remodelling [19,20]. This work aims to study the role of magnesium in
the growth of cancer SaOS2 osteosarcoma cells, monitoring the cellular concentration and
compartmentalization of the cation by means of an advanced cellular imaging technique,
as well as the effect of magnesium on specific signal transduction pathways.

2. Materials and Methods
2.1. Reagents

All reagents were Ultrapure grade and, unless otherwise specified, were from Merck-
Millipore.

Dulbecco’s Phosphate-Buffer Saline (DPBS) without Ca2+ and Mg2+ (8 g L−1 NaCl,
0.2 g L−1 KCl, 0.2 g L−1 Na2HPO4, 0.2 g L−1 KH2PO4, pH 7.2) was prepared in doubly
distilled water. The fluorescent probe DCHQ5 was synthesized as previously reported [21]
and was dissolved in dimethyl sulfoxide (DMSO) to a final concentration of 1 mg mL−1.
Aliquots were kept in the dark at 4 ◦C.

Foetal Bovine Serum (FBS, Euroclone, Milan, Italy) was dialyzed by using the Spec-
tra/Por 4 Molecular Porous Dialysis Membrane (Spectrum, Austin, TX, USA) against Puck
Buffer (NaCl 136.9 mM, KCl 5.4 mM, NaHCO3 4.2 mM and D-glucose monohydrate 4.2 M)
plus EDTA for 2 days, and only Puck Buffer for the last 3 days. Calcium content in dialyzed
FBS (dFBS) was restored by adding CaCl2 at a final concentration of 1.8 mM, and dFBS was
sterilized by filtering through a 0.45 µm pore size membrane filter.
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2.2. Cell Culture

The human osteosarcoma cell line SaOS-2 (American Type Culture Collection, Manas-
sas, VA, USA) was cultured at 37 ◦C and 5% CO2 in MEM medium (Invitrogen, Carlsbad,
CA, USA), supplemented with 2 mM L-Glutamine, 10% FBS, 1000 units mL−1 penicillin
and 1 mg mL−1 streptomycin. The cells were seeded at 104 cell/cm2 in complete MEM
and after 24 h the medium was substituted by the custom-made medium MEM w/o Mg2+

(Invitrogen, CA, USA), and where needed, MgCl2 was added at 1 mM concentrations. The
medium was supplemented with 2 mM L-Glutamine, 10% FBS, 1000 units mL−1 penicillin
and 1 mg mL−1 streptomycin.

To synchronize cells in G0/G1 phase and reduce intracellular magnesium content,
cells were cultured in the medium containing 0.5% dFBS in the absence of magnesium
for 24 h. Then, in order to stimulate cell proliferation, the cells were grown in a medium
containing 5% dFBS in the presence or absence of 1 mM MgCl2. To determine the rate of cell
proliferation, viable cells were counted after 24 h and 48 h by using a Bürker hemocytometer
in the presence of erythrosine 0.1% in PBS.

2.3. Flow Cytometric Assays

Flow cytometric assays were performed on an Epics Elite flow cytometer (Beckman
Coulter, Brea, CA, USA) equipped with an Argon Ion laser tuned at 488 nm.

Cell cycle. To perform the cell cycle analysis, cells were fixed by 70% ice-cold ethanol
and left at −20 ◦C overnight. After centrifugation pellets were resuspended in an appropri-
ate volume (0.5–2 mL) of staining solution (DPBS, 5 µg mL−1 Propidium Iodide (PI) and
10 µg mL−1 DNAse free RNase A). Samples were incubated in the dark for 30 min at 37 ◦C
and analysed by acquiring the PI red fluorescence on a linear scale at 600 nm. Data analysis
is performed using the software program “ModFit” (Verity, Carrollton, TX, USA).

p27Kip1 induction. Detached cells were washed 2 times from the growth medium
in DPBS by centrifuging at 240 g for 10 min. The samples were then fixed with 3%
paraformaldehyde at room temperature for 15 min. To remove any residual formaldehyde,
samples were washed 2 times in PBS-glycine 0.1 M, followed by two washes in DPBS-BSA
1% performed to block nonspecific sites. A solution 1:9 of DPBS-ethanol (70%) was added
in order to permeabilize the cell membranes and samples are maintained at −20 ◦C for
3 min. Samples were then washed 3 times in DPBS-BSA 1% by centrifuging at 240 g for
5 min. and marked with a rabbit primary antibody anti-p27Kip1 under stirring at 4 ◦C
overnight. The samples were then washed in DPBS, and marked with a secondary antibody
FITC conjugated, diluted 1:1000 at room temperature for 1 h. Finally, to verify the p27Kip1

expression levels in the function of the cell cycle, the samples were counterstained for
DNA content by PI 5 µg mL−1 and analysed by flow cytometry. FITC green fluorescence is
collected at 525 nm on a logarithmic scale and PI red fluorescence at 600 nm on a linear scale.

2.4. Lactate Dehydrogenase Assay

To verify the effect of magnesium deprivation on cell viability, released lactate dehy-
drogenase (LDH) activity was assayed in the culture medium. Briefly, 2 mL of medium
were centrifuged at 4000 g for 10 min. The supernatant was preserved and constitutes
the sample. Sequentially, 1.325 mL of phosphate buffer 0, 1 M at pH 7, 50 µL of sodium
pyruvate 23 mM and 50 µL of NADH 14 mM dissolved in TRIS 0.1 M at pH 7 were added to
the cuvette. The reaction starts after the addition of 100 µL of the sample. The absorbance
was then measured at 340 nm and at intervals of 1 min against a blank prepared with
100 µL of fresh medium.

2.5. Western Blotting

The level of protein expression at the indicated time points was evaluated by West-
ern blotting, as previously described [22]. Protein samples were run in 6% (for mTOR)
or 15% (for LC3 and p27kip1) SDS-polyacrylamide gels. Polyclonal primary antibodies
of rabbit anti-mTOR, anti-phospho-mTOR, anti-p27kip1, anti-LCRA and anti-LCRB (Cell
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Signaling Beverly, MA, USA) were diluted 1:1000. The secondary antibody anti-rabbit
IgG was diluted 1:2500 in PBS with 3% of skimmed milk powder. The intensity of the
bands was evaluated with the densitometric software GelPro Analyzer 3.0 (Media Cy-
bernetic, Rockville, MD, USA). In graphs, band intensity was normalized to the loading
control β-actin.

2.6. Magnesium Determination by DCHQ5 Spectrofluorimetric Assay

Detached cells were washed 3 times in DPBS at 240 g for 10 min, counted and re-
suspended at 106 cell mL−1, and stored at −20 ◦C until the spectrofluorimetric analysis.
Total intracellular magnesium was assessed on sonicated cell samples by using the fluo-
rescent chemosensor DCHQ5, according to Sargenti et al. [21]. Magnesium concentration
was normalized for the amount of cells mL−1 used during analysis, and reported as
nmoles/106 cells. To obtain the mM concentration of magnesium, the detected nmoles are
divided by the cell volume (µL) calculated according to Malucelli et al. [23].

2.7. Synchrotron Based X-ray Microscopy

To perform X-ray microscopy [24], the cells were plated on a 200 nm-thick silicon
nitride membrane window (Silson UK), grown for 24 h with 5% dFBS in the presence
or absence of magnesium, and then dehydrated and fixed by chemical fixing: after two
washes in ammonium acetate 100 mM, they were immersed in methanol/acetone 1:1 for
2 min at −20 ◦C and then air-dried.

The scanning transmission X-ray microscopy (STXM) and the X-ray fluorescence
microscopy (XRFM) measurements were carried out at the beamline TWINMIC at Elettra
Synchrotron (Trieste, Italy) [25]. The dehydrated cells were carefully examined with an
optical microscope and selected following the criteria of integrity, dimensions, and distance
from other cells.

A Fresnel zone plate focused the incoming beam (1475 eV), monochromatized by a
plane-grating monochromator, to a circular spot of about 600 nm in diameter. The sample
was transversally scanned in the zone plate focus pixel per pixel and in steps of 500 nm.
At each step, the fluorescence radiation intensity was measured by eight silicon drift
detectors (active area 30 mm2) concentrically mounted at a 20◦ grazing angle with respect
to the specimen plane, at a detector-to-specimen distance of 28 mm [26]. Simultaneously,
the transmitted intensity T was measured by a fast-readout electron-multiplying low-
noise charge-coupled device (CCD) detector through an X-ray–visible light converting
system [27]. Zone plate, sample, and detectors were in a vacuum, thus avoiding any
absorption and scattering by air.

Five STXM images were acquired on whole cells with a step size of 500 nm. In
sequence, XRFM and simultaneously, STXM were carried out with a range of 6–8 s dwell
time per pixel, depending on the cell size. The total acquisition time was in the range
of 6–10 h (field of view of at least 20 µm × 20 µm, and spatial resolution 500 nm). The
measurement of I0 was made by acquiring 25 points and repeating the measure five times.
Atomic Force Microscopy (AFM) measurements were performed on selected cells before
and after XRFM and STXM measurements.

Thereby, maps of magnesium molar concentration can be calculated using the algo-
rithm developed by Malucelli et al. [24].

2.8. Statistical Analysis

The experiments were repeated at least three times, and the values were reported as
mean ± standard deviation. One-way ANOVA analysis was also performed and values of
p < 0.05 were taken to be statistically significant.
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3. Results
3.1. Effects of Magnesium Deprivation on Intracellular Magnesium Content

In order to study the effects of magnesium deficiency in human osteosarcoma SaOS-
2 cells, the cells were firstly synchronized in G0/G1 phase with a reduced intracellular
magnesium content by culturing them for 24 h in a medium without magnesium, containing
0.5% dFBS. Then, the medium was replaced with a medium containing 5% dFBS in the
presence or absence of 1 mM MgCl2, and grown for 24 and 48 h.

To evaluate the intracellular total magnesium, the fluorescent chemosensor DCHQ5
was used. It is a diaza-crown-hydroxyquinoline that allows the assessment of intracellular
total magnesium in a much lower number of cells than compared to other techniques and
to other commercial dyes [21].

Following the Rubin model which postulates a release of membrane-bound mag-
nesium and a consequent increase in the MgATP required by the protein kinases after
mitogenic stimulation [10], the total intracellular amount of the cation was measured 24 h
after the addition of serum in the culture medium. Cells grown for 24 h in the presence
or absence of magnesium were lysed by sonication and analysed by spectrofluorometry.
Figure 1 shows that in cells grown in a medium without magnesium, the total intracel-
lular content of the ion was about 50% with respect to cells cultured in the presence of
magnesium, ranging from 31 to 16.7 nmol/106 cells, respectively. Thus, considering the
SaOS-2 volume [23], the intracellular magnesium content was 13.7 mM in cells grown with
magnesium and 8.4 mM in cells grown without magnesium.
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Figure 1. Intracellular content of total magnesium in SaOS-2 cells grown 24 h in the presence (+Mg) or
absence (−Mg) of magnesium. Starved cells maintained in magnesium-free medium were stimulated
to proliferate by adding 5% dFBS in the presence (+Mg) or absence (−Mg) of 1 mM MgCl2. After 24 h,
magnesium content was measured by a fluorescent probe. The data are reported as a mean ± SD of
three independent experiments. * p < 0.01 vs. +Mg.

The dynamic of intracellular magnesium involves changes in its total amount and in
cellular compartmentalization. Therefore, to understand the role of magnesium in signal
transduction pathways linked to cell proliferation, it is important to evaluate not only
its intracellular content but also its spatial distribution. To address this goal, we used an
analytical approach of cellular imaging that combines techniques that are not widely uti-
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lized in biological studies [24], i.e., atomic force microscopy (AFM), scanning transmission
X-ray microscopy (STXM) and X-ray fluorescence microscopy (XRFM). AFM allowed us to
measure the thickness of the analysed cells. STXM records the light not absorbed (and then
transmitted) by the X-ray irradiated sample, providing information about the local density
and producing bidimensional images of the sample. XRFM generates X-ray fluorescence
spectra of the cells, whose elaboration allowed us to draw the elemental map of the cell,
which is complementary to the transmission map. Figure 2A shows the images of a single
SaOS-2 cell obtained by these techniques.
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Figure 2. (A) Images of a single growing SaOS-2 cell obtained by three different microscopy tech-
niques. (a) AFM analysis: the blue (red) colour indicates areas of lesser (greater) thickness; (b) STXM
analysis: the blue (red) colour indicates areas in which the transmitted radiation is minimal (maximal);
(c) XRFM analysis: the image is complementary to the STXM image because the incident radiation
is more absorbed in the minimum transmission areas causing fluorescence. The blue (red) colour
indicates areas of lesser (greater) fluorescence. (B) Distribution maps of the magnesium content in
SaOS-2 cells cultured 24 h with 5% dFBS in the presence (left) or absence (right) of 1 mM MgCl2. At
the top, the weight fraction maps are reported. Below, the molar concentration maps are reported.

By combining STXM e XRFM images of a single cell, the elemental distributions
expressed as weight fractions could be obtained. Malucelli et al. [24] proposed an algorithm
which allowed us to combine the weight fraction map, obtained by STXM e XRFM analysis,
with AFM data, providing a new elemental distribution map that merged local elemental
composition and morphological information (volume). With this approach, it was possible
to obtain a gross estimate of the molar concentration map in different zones inside a
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single cell [24,28]. Hence, the SaOS-2 cells synchronized in G0/G1 phase with reduced
intracellular magnesium were stimulated to proliferate by adding 5% dFBS in the presence
or absence of 1 mM MgCl2. The cells were grown for 24 h on a silica frame and then
fixed and analysed by AFM and X-ray microscopy. Figure 2B shows the magnesium
maps evaluated as weight fraction and molar concentration of the cells grown in the
presence or absence of magnesium. The analysis showed that magnesium concentration
was estimated to be 87 mM in cells grown in the presence of MgCl2 and decreased to
26 mM in magnesium-deprived cells, confirming the differences reported in Figure 1. In
the reported maps, the magnesium concentration can be visually appreciated by a colour
scale which goes from a very low signal in blue to a very high signal in red. In cells
stimulated to proliferate in the presence of magnesium, the weight fraction map indicates a
quite homogeneous distribution of magnesium within the cells, whereas the concentration
map shows some “islets” with very high concentration. Furthermore, the central part
of the cells shows a low concentration of magnesium, because this is the thickest part of
the cells [24]. Interestingly, the cells maintained without magnesium show a somewhat
more homogeneous intracellular distribution of the ion without high-concentration zones,
and the red and yellow pixels (higher concentration) mainly remain confined in the area
corresponding to the plasma membrane.

3.2. Effects of Magnesium Deficiency on Cell Growth and Cell Death

The effects of magnesium deficiency on the proliferation of human SaOS-2 osteosar-
coma cells were investigated. The cells were firstly synchronized in G0/G1 phase with a
reduced intracellular magnesium content, and afterward were grown for 24 and 48 h in a
medium containing 5% dFBS in the presence or absence of 1 mM MgCl2 as described. At
the indicated time points, the cells were counted.

Figure 3A shows that cell proliferation was significantly decreased in cells grown in
the absence of MgCl2. In detail, the numbers of cells grown in the absence of MgCl2 were
62% at 24 h and 53% at 48 h of those grown in the presence of 1 mM MgCl2. Considering
the SaOS-2 doubling time (36–38 h), the variations in proliferation are better highlighted at
48 h. However, following Rubin’s hypothesis [10,29] we focused on early events and thus
we also took into account the cell viability at 24 h.
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In order to evaluate the effect of magnesium deficiency on cellular viability, the
released LDH activity was measured in a culture medium. Figure 3B shows that the
deprivation of MgCl2 did not induce any significant increase in LDH release at 24 and 48 h.

Taken together, these results indicate that magnesium deficiency reduced SaOS-2 cell
proliferation without affecting cellular viability.

3.3. Effects of Magnesium Deficiency on Cell Cycle Progression

It is well known that different cell types have a different dependence on extracellular
magnesium availability for their proliferation [10,11]. Hence, we examined the effect of
magnesium availability on SaOS-2 cell cycle progression. As established in our experi-
mental protocol, cells synchronized in G0/G1 phase with a low intracellular magnesium
content were stimulated to grow in a medium containing 5% dFBS in the presence and
absence of 1 mM MgCl2 for 24 h and 48 h.

In cells cultured in the absence of MgCl2, the percentage of cells in G0/G1 phase was
markedly increased with respect to cells grown in the presence of the ion (Figure 4A), being
78% versus 53% at 24 h, and 84% versus 55% at 48 h (Figure 4B). On the other hand, the
percentage of cells in S-phase was significantly lower in magnesium-deprived cells, while
the cell distribution in the G2/M phase was not substantially influenced by magnesium
deficiency. These results indicate that magnesium deficiency suppresses SaOS-2 cell cycle
progression from G1 to S-phase, according to previous studies in kidney cells [30].

One feature of the role of magnesium in the control of cell growth pertains to the
modulation of cell-cycle inhibitory proteins such as p27Kip1 and p21Cip1/WAF1 [31]. We
investigated the effect of magnesium deficiency only on the expression of p27Kip1 since
SaOS-2 cells are p53-null and p21Cip1/WAF1 protein is prevalently induced by p53 activa-
tion [32].
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Figure 4. Effect of magnesium on the cell cycle progression of SaOS-2 cells. Starved cells were stimulated to proliferate by
addition of 5% dFBS in the presence (+Mg) or absence (−Mg) of 1 mM MgCl2 and analysed after the indicated times: (A)
Typical cell cycle distribution after 24 h from serum addition, determined by flow cytometry. (B) percentage of cells in cell
cycle phases after 24 h and 48 h; data are means ± SD obtained in three determinations; * p < 0.05. (C) Western blot analysis
of p27Kip1 protein in cells grown 24 h in the absence (left) and presence (right) of magnesium. The blot is representative
of three experiments. (D) Expression of p27Kip1 protein at 24 h in the function of cell cycle distribution determined by
bi-parametric analysis: PI fluorescence (cell cycle) is shown on the X axis, while FITC fluorescence (p27Kip1 protein) is
reported on the Y axis.
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A significant increase in the amount of p27Kip1 protein was observed in magnesium-
deprived cells stimulated to proliferate by dFBS addition (Figure 4C), suggesting that
magnesium is involved in the regulation of p27Kip1 in osteosarcoma SaOS-2 cells. Figure 4D
shows the expression of p27Kip1 in the function of the cell cycle phase. It is noteworthy that
an increase in p27Kip1 protein was associated with cells not resident in S-phase, as shown
by the absence of green fluorescence corresponding to this phase. Overall, the percentage
of p27Kip1 positive cells ranges from 26% in Mg absence to 62% in Mg presence.

3.4. Effects of Magnesium Deficiency on mTOR Signaling

The activation of mTOR kinase represents a fundamental step in the initiation of
protein synthesis and in cell growth. We assessed the expression of mTOR protein and
mTOR phosphorylation at serine 2448 (S2448), since phosphorylated mTOR binds Raptor
and becomes an active kinase [33].

Western blot analysis of the protein extracts from cells grown for 24h in the presence
or absence of MgCl2 revealed that magnesium deficiency did not alter mTOR protein level,
but significantly reduced its phosphorylation at S2448 (Figure 5A).
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Figure 5. Effect of magnesium deficiency on mTOR level and phosphorylation and LC3 cleavage.
Starved SaOS-2 cells were stimulated to proliferate by the addition of 5% dFBS in the presence (+Mg)
or absence (−Mg) of 1 mM MgCl2. After 24 h, cells were collected for protein analysis by Western
blotting: (A) Left, Western blot analysis of total mTOR and phosphorylated mTOR (S2448). Right,
densitometric analysis; the levels of mTOR and phosphorylated mTOR in the presence of magnesium
are arbitrarily taken as 100; data are means ± SD of three determinations, * p < 0.05 vs. +Mg. (B) Left,
Western blot analysis of LC3-I and LC3-II expression in cells grown in the presence or absence of
1 mM MgCl2. Right, densitometric analysis; the level of LC3-I in the presence of magnesium is
arbitrarily taken as 100; data are means ± SD of three determinations. (C) Left, the effect of 10 mM
chloroquine (Clq) for 24 h in cells deprived of magnesium is shown as a positive control of LC3-II
accumulation. Right, densitometric analysis; the level of LC3-I in control cells is arbitrarily taken as
100; data are means ± SD of three determinations, * p < 0.05 vs. control. Similar results were obtained
in cells grown in the presence of 1 mM MgCl2.
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When nutrients are limited, mTOR in the mTORC1 complex is dephosphorylated and
dissociates from the ULK complex, initiating the autophagy process [34], leading to the
cleavage of LC3 protein which is considered a reliable marker of autophagy in mammalian
cells [35]. However, even in the absence of magnesium, mTOR was found to be mainly
dephosphorylated at S2448. Magnesium deficiency apparently did not induce LC3 cleavage
and, consequently, did not cause a significant increase in the level of LC3-II protein, the
cleaved and lipidated form of LC3 protein (Figure 5B). Treatment with 10 mM chloroquine
as a positive control of LC3-II accumulation [36] caused a large increase in LC3-II level as
expected in both magnesium-deprived cells and control cells (Figure 5C).

4. Discussion

Magnesium is a cofactor involved in more than 300 metabolic reactions in the body,
including protein synthesis, cellular energy production and storage, cell growth and
reproduction, and deoxyribonucleic acid and ribonucleic acid synthesis. Magnesium helps
to maintain normal nerve and muscle function, cardiac excitability, vasomotor tone, blood
pressure, immune system, bone integrity, and blood glucose levels. It also promotes
intestinal calcium absorption. Based on its multiple functions within the human body,
magnesium has been reported to play an important role in the prevention and treatment of
many diseases [37], including cancer [38].

Within the cells, magnesium is present at a very high concentration, usually between
5 mM and 30 mM, and only a very small fraction, about 1 mM or less, is unbound. Some
authors have suggested that the ionic form moves among cellular sub-compartments [39].
Nevertheless, magnesium intracellular compartmentalization has not yet been thoroughly
elucidated, mainly because of the inadequacy of available techniques to map the intracellu-
lar distribution of this cation.

Knowledge of the intracellular concentration and distribution of the chemical elements
in cells may reveal their function in a variety of cellular processes. The biological function of
a chemical element in cells not only requires the determination of its intracellular quantity
but also of the spatial distribution of its concentration [23,40]. In order to address this
problem, we applied the multimodal fusion approach developed by Malucelli et al. [24]
which combines synchrotron radiation microscopy techniques with off-line atomic force
microscopy, and offers the possibility of achieving a detailed map of the intracellular
concentration of magnesium [24,28]. This method requires the implementation of images
obtained by AFM, XRFM e STXM and the utilization of a specifically elaborated algorithm,
allowing an estimate of the molar concentration map of intracellular magnesium.

In this way, we observed that magnesium is mainly confined at the plasma membrane
in quiescent cells. When cells are stimulated to grow with a medium containing 5% serum
and normal magnesium concentration, proliferation starts and magnesium moves toward
the inner areas of the cell, consistently with Rubin’s model [10]. In contrast, when SaOS-2
cells were stimulated to grow in the absence of extracellular magnesium, the ion mainly
remained confined in the area corresponding to the plasma membrane and the cells were
unable to proliferate, as shown by the reduced number of cells and by the accumulation in
G0/G1 phase of the cell cycle.

Many tumour cells proved to be resistant to magnesium deficiency [31,32], even if
the reduction of magnesium to a very low level can modify cell cycle distribution in some
tumour cell lines [18,31]. SaOS-2 cells appear to be sensitive to magnesium depletion,
and the block of the cell cycle is associated with a significant increase in p27Kip1 that in
these p53-null cells represents the main inhibitor of cyclin-dependent kinases. A similar
upregulation of p27Kip1 in cancer cell lines grown in magnesium-deficient medium has
been reported [41,42].

Magnesium deficiency was also shown to decrease mTOR phosphorylation at serine
2448. Phosphorylation of serine 2448 is associated with mTORC1 complex activation [33,43],
whereas hypophosphorylation causes mTORC1 inhibition and can lead to the activation of
autophagy [34]. However, we cannot detect any significant change in the amount of LC3-II,
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the cleaved and lipidated form of LC3 protein, whose increase represents a hallmark of
autophagy [35], suggesting that autophagy is not a major mechanism associated with the
reduced proliferation of magnesium-deficient cells.

Magnesium has an essential role in the transduction of proliferative signals. Rubin’s
theory about the role of magnesium in the control of proliferation [10,29] postulates that
the release of membrane-bound magnesium leads to an increase in cytosolic free Mg2+ with
a consequent increase in MgATP, required by protein kinases. Among the kinases involved
in proliferative pathways, mTOR has an unusually high Km for MgATP, about 1 mM.
Thus, the MgATP complex is a limiting factor for the activation of mTOR kinase, initiation
of protein synthesis and, consequently, the progression of the cell cycle from the G1
phase [10,29]. This consideration, together with our finding that magnesium deprivation
causes mTOR hypophosphorylation at S2448, suggests that the antiproliferative effect
of magnesium deficiency in osteosarcoma cells is mediated by mTOR. Further work is
required to explore the effect of magnesium deficiency on other kinases of the signalling
cascades involving mTOR.

Several epidemiological studies have provided evidence that a correlation exists
between dietary magnesium and various types of cancer. In addition, impaired magnesium
homeostasis is reported in cancer patients, and frequently complicates therapy with some
anti-cancer drugs [38].

High levels of magnesium in drinking water protect against oesophageal and liver
cancer, and it is inversely correlated with death from breast, prostate, and ovarian cancers,
whereas no correlation existed for other tumours [14]. Dietary magnesium intake has
been reported to have a statistically significant nonlinear inverse association with the
risk of colorectal cancer. The greatest reduction for magnesium intake was a result of
200–270 mg/day [44]. Another study suggested that increasing the intake of magnesium-
containing foods may help reduce the incidence and mortality of primary liver cancer [15].

Interestingly, a recent study found that cancer survivors used dietary supplements
at a higher frequency and dose than individuals without cancer, but had an overall lower
intake of nutrients from foods [45]. Our results indicate that the control of magnesium
availability could be a useful strategy for inhibiting osteosarcoma cell growth, and sup-
port the hypothesis that mTOR may represent a target for the antiproliferative effect of
magnesium deficiency.

Magnesium is also important for bone health. Interestingly, SaOS-2 cells display os-
teoblastic features similar to primary human osteoblastic cells and are often used as a model
of osteogenic differentiation [20,46]. A recent review showed how optimal magnesium
and vitamin D balance may improve bone metabolism and health outcomes [18]. Optimal
magnesium levels contribute to the maintenance of skeletal health [47,48], and our results
also suggest a mechanism that may be involved in the effects of magnesium deficiency
in normal bone cells. This aspect is worthy of attention since there is a profound lack of
awareness of the insufficient intake of magnesium in the population worldwide, and the
decrease in magnesium content in processed foods and in newer varieties of grains, fruits,
and vegetables poses a further challenge for adequate magnesium consumption.

5. Conclusions

Magnesium is an essential nutrient, but the links between magnesium, cell growth,
and carcinogenesis still remain unclear and complex, with conflicting results being reported
from many experimental, epidemiological and clinical studies.

It has been proposed that transformation causes a selective loss of the growth regula-
tory role of Mg2+.

In view of the evidence that transformed cells have a diminished capacity to regulate
their free Mg2+, the effects of Mg2+ deprivation on their behaviour were examined. In
this study, we examined the effect of magnesium deficiency on the proliferation of SaOS-2
osteosarcoma cells. Magnesium depletion limited the ability of cells to progress in the cell
cycle and caused the inhibition of cell proliferation, which was associated with mTOR
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hypophosphorylation at Serine 2448. In order to map the intracellular concentration
and compartmentalization of the cation, an advanced cellular imaging technique using
synchrotron-based X-ray techniques was applied. When cell growth was stimulated,
magnesium was mainly localized near the plasma membrane in cells maintained in a
medium without magnesium, whereas in non-proliferating cells growing in the presence
of the ion, high concentration areas inside the cell were observed.

These results are compatible with Rubin’s theory about the role of magnesium in
the control of cell proliferation [29], and indicate that selective control of magnesium
availability in osteosarcoma cells could be a useful strategy for inhibiting tumour growth.

Author Contributions: C.C. performed experimental design, cell culture and Mg quantification;
E.M. supervised the experiment and data analysis; M.Z. performed Western blot experiments; G.F.
performed the cytofluorimetric assay; G.P. performed Mg quantification; A.G. produced the X-Ray
fluorescence microscopy measurements and analysis, A.N. produced the atomic force microscopy
measurements and analysis; M.F. produced the atomic force microscopy measurements and analysis;
C.P. and S.I. wrote the manuscript; C.S. supervised the project and wrote the manuscript. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by the University of Bologna (RFO).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References
1. de Baaij, J.H.F.; Hoenderop, J.G.J.; Bindels, R.J.M. Magnesium in Man: Implications for Health and Disease. Physiol. Rev. 2015, 95,

1–46. [CrossRef]
2. Johnson, S. The Multifaceted and Widespread Pathology of Magnesium Deficiency. Med. Hypotheses 2001, 56, 163–170. [CrossRef]
3. NHANES Questionnaires, Datasets, and Related Documentation. Available online: https://wwwn.cdc.gov/nchs/nhanes/

continuousnhanes/default.aspx?BeginYear=2005 (accessed on 6 March 2021).
4. Rubin, H. Magnesium: The Missing Element in Molecular Views of Cell Proliferation Control. Bioessays 2005, 27, 311–320.

[CrossRef] [PubMed]
5. Iotti, S.; Frassineti, C.; Sabatini, A.; Vacca, A.; Barbiroli, B. Quantitative Mathematical Expressions for Accurate in Vivo Assessment

of Cytosolic [ADP] and ∆G of ATP Hydrolysis in the Human Brain and Skeletal Muscle. Biochim. Biophys. Acta (BBA) Bioenerg.
2005, 1708, 164–177. [CrossRef]

6. Feeney, K.A.; Hansen, L.L.; Putker, M.; Olivares-Yañez, C.; Day, J.; Eades, L.J.; Larrondo, L.F.; Hoyle, N.P.; O’Neill, J.S.; van Ooijen,
G. Daily Magnesium Fluxes Regulate Cellular Timekeeping and Energy Balance. Nature 2016, 532, 375–379. [CrossRef]

7. Barbiroli, B.; Iotti, S.; Cortelli, P.; Martinelli, P.; Lodi, R.; Carelli, V.; Montagna, P. Low Brain Intracellular Free Magnesium in
Mitochondrial Cytopathies. J. Cereb. Blood Flow Metab. 1999, 19, 528–532. [CrossRef] [PubMed]

8. Zieve, F.J.; Freude, K.A.; Zieve, L. Effects of Magnesium Deficiency on Protein and Nucleic Acid Synthesis in Vivo. J. Nutr. 1977,
107, 2178–2188. [CrossRef]

9. Mushegian, A.A. A Ribosomal Strategy for Magnesium Deficiency. Sci. Signal. 2016, 9, ec269. [CrossRef]
10. Rubin, H. The Logic of the Membrane, Magnesium, Mitosis (MMM) Model for the Regulation of Animal Cell Proliferation. Arch.

Biochem. Biophys. 2007, 458, 16–23. [CrossRef] [PubMed]
11. Wolf, F.I.; Cittadini, A.R.M.; Maier, J.A.M. Magnesium and Tumors: Ally or Foe? Cancer Treat. Rev. 2009, 35, 378–382. [CrossRef]

[PubMed]
12. Runnels, L.W.; Yue, L.; Clapham, D.E. TRP-PLIK, a Bifunctional Protein with Kinase and Ion Channel Activities. Science 2001, 291,

1043–1047. [CrossRef]
13. Zou, Z.-G.; Rios, F.J.; Montezano, A.C.; Touyz, R.M. TRPM7, Magnesium, and Signaling. Int. J. Mol. Sci. 2019, 20, 1877. [CrossRef]

[PubMed]
14. Yang, C.-Y.; Chiu, H.-F.; Tsai, S.-S.; Wu, T.-N.; Chang, C.-C. Magnesium and Calcium in Drinking Water and the Risk of Death

from Esophageal Cancer. Magnes. Res. 2002, 15, 215–222. [PubMed]
15. Zhong, G.-C.; Peng, Y.; Wang, K.; Wan, L.; Wu, Y.-Q.-L.; Hao, F.-B.; Hu, J.-J.; Gu, H.-T. Magnesium Intake and Primary Liver

Cancer Incidence and Mortality in the Prostate, Lung, Colorectal and Ovarian Cancer Screening Trial. Int. J. Cancer 2020, 147,
1577–1586. [CrossRef]

16. Wolf, F.I.; Trapani, V. Magnesium and Its Transporters in Cancer: A Novel Paradigm in Tumour Development. Clin. Sci. 2012, 123,
417–427. [CrossRef]

http://doi.org/10.1152/physrev.00012.2014
http://doi.org/10.1054/mehy.2000.1133
https://wwwn.cdc.gov/nchs/nhanes/continuousnhanes/default.aspx?BeginYear=2005
https://wwwn.cdc.gov/nchs/nhanes/continuousnhanes/default.aspx?BeginYear=2005
http://doi.org/10.1002/bies.20183
http://www.ncbi.nlm.nih.gov/pubmed/15714553
http://doi.org/10.1016/j.bbabio.2005.01.008
http://doi.org/10.1038/nature17407
http://doi.org/10.1097/00004647-199905000-00007
http://www.ncbi.nlm.nih.gov/pubmed/10326720
http://doi.org/10.1093/jn/107.12.2178
http://doi.org/10.1126/scisignal.aal3828
http://doi.org/10.1016/j.abb.2006.03.026
http://www.ncbi.nlm.nih.gov/pubmed/16750508
http://doi.org/10.1016/j.ctrv.2009.01.003
http://www.ncbi.nlm.nih.gov/pubmed/19203841
http://doi.org/10.1126/science.1058519
http://doi.org/10.3390/ijms20081877
http://www.ncbi.nlm.nih.gov/pubmed/30995736
http://www.ncbi.nlm.nih.gov/pubmed/12635875
http://doi.org/10.1002/ijc.32939
http://doi.org/10.1042/CS20120086


Nutrients 2021, 13, 1376 13 of 14

17. Gaffney-Stomberg, E. The Impact of Trace Minerals on Bone Metabolism. Biol. Trace Elem. Res. 2019, 188, 26–34. [CrossRef]
18. Erem, S.; Atfi, A.; Razzaque, M.S. Anabolic Effects of Vitamin D and Magnesium in Aging Bone. J. Steroid Biochem. Mol. Biol. 2019,

193, 105400. [CrossRef]
19. Mammoli, F.; Castiglioni, S.; Parenti, S.; Cappadone, C.; Farruggia, G.; Iotti, S.; Davalli, P.; Maier, J.A.M.; Grande, A.; Frassineti, C.

Magnesium Is a Key Regulator of the Balance between Osteoclast and Osteoblast Differentiation in the Presence of Vitamin D3.
Int. J. Mol. Sci. 2019, 20, 385. [CrossRef] [PubMed]

20. Picone, G.; Cappadone, C.; Pasini, A.; Lovecchio, J.; Cortesi, M.; Farruggia, G.; Lombardo, M.; Gianoncelli, A.; Mancini, L.; Ralf,
H.M.; et al. Analysis of Intracellular Magnesium and Mineral Depositions during Osteogenic Commitment of 3D Cultured Saos2
Cells. Int. J. Mol. Sci. 2020, 21, 2368. [CrossRef] [PubMed]

21. Sargenti, A.; Farruggia, G.; Zaccheroni, N.; Marraccini, C.; Sgarzi, M.; Cappadone, C.; Malucelli, E.; Procopio, A.; Prodi, L.;
Lombardo, M.; et al. Synthesis of a Highly Mg2+-Selective Fluorescent Probe and Its Application to Quantifying and Imaging
Total Intracellular Magnesium. Nat. Protoc. 2017, 12, 461–471. [CrossRef]

22. Andreani, A.; Burnelli, S.; Granaiola, M.; Leoni, A.; Locatelli, A.; Morigi, R.; Rambaldi, M.; Varoli, L.; Farruggia, G.; Stefanelli, C.;
et al. Synthesis and Antitumor Activity of Guanylhydrazones from 6-(2,4-Dichloro-5-Nitrophenyl)Imidazo[2,1-b]Thiazoles and
6-Pyridylimidazo[2,1-b]Thiazoles. J. Med. Chem. 2006, 49, 7897–7901. [CrossRef] [PubMed]

23. Malucelli, E.; Procopio, A.; Fratini, M.; Gianoncelli, A.; Notargiacomo, A.; Merolle, L.; Sargenti, A.; Castiglioni, S.; Cappadone, C.;
Farruggia, G.; et al. Single Cell versus Large Population Analysis: Cell Variability in Elemental Intracellular Concentration and
Distribution. Anal. Bioanal. Chem. 2018, 410, 337–348. [CrossRef]

24. Malucelli, E.; Iotti, S.; Gianoncelli, A.; Fratini, M.; Merolle, L.; Notargiacomo, A.; Marraccini, C.; Sargenti, A.; Cappadone, C.;
Farruggia, G.; et al. Quantitative Chemical Imaging of the Intracellular Spatial Distribution of Fundamental Elements and Light
Metals in Single Cells. Anal. Chem. 2014, 86, 5108–5115. [CrossRef] [PubMed]

25. Gianoncelli, A.; Kourousias, G.; Merolle, L.; Altissimo, M.; Bianco, A. Current Status of the TwinMic Beamline at Elettra: A Soft
X-Ray Transmission and Emission Microscopy Station. J. Synchrotron Radiat. 2016, 23, 1526–1537. [CrossRef] [PubMed]

26. Gianoncelli, A.; Kourousias, G.; Stolfa, A.; Kaulich, B. Recent Developments at the TwinMic Beamline at ELETTRA: An 8 SDD
Detector Setup for Low Energy X-Ray Fluorescence. J. Phys. Conf. Ser. 2013, 425, 182001. [CrossRef]

27. Gianoncelli, A.; Morrison, G.R.; Kaulich, B.; Bacescu, D.; Kovac, J. Scanning Transmission X-Ray Microscopy with a Configurable
Detector. Appl. Phys. Lett. 2006, 89, 251117. [CrossRef]

28. Picone, G.; Cappadone, C.; Farruggia, G.; Malucelli, E.; Iotti, S. The Assessment of Intracellular Magnesium: Different Strategies
to Answer Different Questions. Magnes. Res. 2020, 33, 1–11. [CrossRef]

29. Rubin, H. Central Roles of Mg2+ and MgATP2− in the Regulation of Protein Synthesis and Cell Proliferation: Significance for
Neoplastic Transformation. Adv. Cancer Res. 2005, 93, 1–58. [CrossRef]

30. Ikari, A.; Sawada, H.; Sanada, A.; Tonegawa, C.; Yamazaki, Y.; Sugatani, J. Magnesium Deficiency Suppresses Cell Cycle
Progression Mediated by Increase in Transcriptional Activity of P21(Cip1) and P27(Kip1) in Renal Epithelial NRK-52E Cells. J.
Cell Biochem. 2011, 112, 3563–3572. [CrossRef]

31. Wolf, F.I.; Trapani, V. Cell (Patho)Physiology of Magnesium. Clin. Sci. 2008, 114, 27–35. [CrossRef]
32. Shamloo, B.; Usluer, S. P21 in Cancer Research. Cancers 2019, 11, 1178. [CrossRef]
33. Rosner, M.; Siegel, N.; Valli, A.; Fuchs, C.; Hengstschläger, M. MTOR Phosphorylated at S2448 Binds to Raptor and Rictor. Amino

Acids 2010, 38, 223–228. [CrossRef]
34. Kuma, A.; Mizushima, N. Physiological Role of Autophagy as an Intracellular Recycling System: With an Emphasis on Nutrient

Metabolism. Semin. Cell Dev. Biol. 2010, 21, 683–690. [CrossRef] [PubMed]
35. Yoshii, S.R.; Mizushima, N. Monitoring and Measuring Autophagy. Int. J. Mol. Sci. 2017, 18, 1865. [CrossRef] [PubMed]
36. Fourrier, C.; Bryksin, V.; Hattersley, K.; Hein, L.K.; Bensalem, J.; Sargeant, T.J. Comparison of Chloroquine-like Molecules for

Lysosomal Inhibition and Measurement of Autophagic Flux in the Brain. Biochem. Biophys. Res. Commun. 2021, 534, 107–113.
[CrossRef]

37. Gröber, U.; Schmidt, J.; Kisters, K. Magnesium in Prevention and Therapy. Nutrients 2015, 7, 8199–8226. [CrossRef] [PubMed]
38. Castiglioni, S.; Maier, J.A.M. Magnesium and Cancer: A Dangerous Liason. Magnes. Res. 2011, 24, 92–100. [CrossRef]
39. Romani, A.M.P. Magnesium in Health and Disease. Met. Ions Life Sci. 2013, 13, 49–79. [CrossRef]
40. Malucelli, E.; Fratini, M.; Notargiacomo, A.; Gianoncelli, A.; Merolle, L.; Sargenti, A.; Cappadone, C.; Farruggia, G.; Lagomarsino,

S.; Iotti, S. Where Is It and How Much? Mapping and Quantifying Elements in Single Cells. Analyst 2016, 141, 5221–5235.
[CrossRef]

41. Covacci, V.; Bruzzese, N.; Sgambato, A.; Di Francesco, A.; Russo, M.A.; Wolf, F.I.; Cittadini, A. Magnesium Restriction Induces
Granulocytic Differentiation and Expression of P27Kip1 in Human Leukemic HL-60 Cells. J. Cell Biochem. 1998, 70, 313–322.
[CrossRef]

42. Sgambato, A.; Wolf, F.I.; Faraglia, B.; Cittadini, A. Magnesium Depletion Causes Growth Inhibition, Reduced Expression of Cyclin
D1, and Increased Expression of P27KIP1 in Normal but Not in Transformed Mammary Epithelial Cells. J. Cell. Physiol. 1999, 180,
245–254. [CrossRef]

43. Parrales, A.; López, E.; Lee-Rivera, I.; López-Colomé, A.M. ERK1/2-Dependent Activation of MTOR/MTORC1/P70S6K Regulates
Thrombin-Induced RPE Cell Proliferation. Cell Signal. 2013, 25, 829–838. [CrossRef]

http://doi.org/10.1007/s12011-018-1583-8
http://doi.org/10.1016/j.jsbmb.2019.105400
http://doi.org/10.3390/ijms20020385
http://www.ncbi.nlm.nih.gov/pubmed/30658432
http://doi.org/10.3390/ijms21072368
http://www.ncbi.nlm.nih.gov/pubmed/32235449
http://doi.org/10.1038/nprot.2016.183
http://doi.org/10.1021/jm061077m
http://www.ncbi.nlm.nih.gov/pubmed/17181173
http://doi.org/10.1007/s00216-017-0725-8
http://doi.org/10.1021/ac5008909
http://www.ncbi.nlm.nih.gov/pubmed/24734900
http://doi.org/10.1107/S1600577516014405
http://www.ncbi.nlm.nih.gov/pubmed/27787260
http://doi.org/10.1088/1742-6596/425/18/182001
http://doi.org/10.1063/1.2422908
http://doi.org/10.1684/mrh.2020.0464
http://doi.org/10.1016/S0065-230X(05)93001-7
http://doi.org/10.1002/jcb.23284
http://doi.org/10.1042/CS20070129
http://doi.org/10.3390/cancers11081178
http://doi.org/10.1007/s00726-008-0230-7
http://doi.org/10.1016/j.semcdb.2010.03.002
http://www.ncbi.nlm.nih.gov/pubmed/20223289
http://doi.org/10.3390/ijms18091865
http://www.ncbi.nlm.nih.gov/pubmed/28846632
http://doi.org/10.1016/j.bbrc.2020.12.008
http://doi.org/10.3390/nu7095388
http://www.ncbi.nlm.nih.gov/pubmed/26404370
http://doi.org/10.1684/mrh.2011.0285
http://doi.org/10.1007/978-94-007-7500-8_3
http://doi.org/10.1039/C6AN01091A
http://doi.org/10.1002/(SICI)1097-4644(19980901)70:3&lt;313::AID-JCB4&gt;3.0.CO;2-Q
http://doi.org/10.1002/(SICI)1097-4652(199908)180:2&lt;245::AID-JCP12&gt;3.0.CO;2-R
http://doi.org/10.1016/j.cellsig.2012.12.023


Nutrients 2021, 13, 1376 14 of 14

44. Qu, X.; Jin, F.; Hao, Y.; Zhu, Z.; Li, H.; Tang, T.; Dai, K. Nonlinear Association between Magnesium Intake and the Risk of
Colorectal Cancer. Eur. J. Gastroenterol. Hepatol. 2013, 25, 309–318. [CrossRef]

45. Du, M.; Luo, H.; Blumberg, J.B.; Rogers, G.; Chen, F.; Ruan, M.; Shan, Z.; Biever, E.; Zhang, F.F. Dietary Supplement Use among
Adult Cancer Survivors in the United States. J. Nutr. 2020, 150, 1499–1508. [CrossRef]
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