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Magnesium-based implants exhibit various advantages such as biodegradability and potential for enhanced in vivo
bone formation. However, the cellular mechanisms behind this possible osteoconductivity remain unclear. To
determine whether high local magnesium concentrations can be osteoconductive and exclude other environmental
factors that occur during the degradation of magnesium implants, magnesium salt (MgCl2) was used as a model
system. Because cell lines are preferred targets in studies of non-degradable implant materials, we performed a
comparative study of 3 osteosarcoma-derived cell lines (MG63, SaoS2 and U2OS) with primary human osteoblasts. The
correlation among cell count, viability, cell size and several MgCl2 concentrations was used to examine the influence of
magnesium on proliferation in vitro. Moreover, bone metabolism alterations during proliferation were investigated by
analyzing the expression of genes involved in osteogenesis. It was observed that for all cell types, the cell count
decreases at concentrations above 10 mM MgCl2. However, detailed analysis showed that MgCl2 has a relevant but very
diverse influence on proliferation and bone metabolism, depending on the cell type. Only for primary cells was a clear
stimulating effect observed. Therefore, reliable results demonstrating the osteoconductivity of magnesium implants can
only be achieved with primary osteoblasts.

Introduction

Magnesium-based implants have been studied since the 19th
century for different applications.1 Because of their biodegrad-
ability, a second operation to remove the implant is not neces-
sary. Despite promising clinical results in humans, this material
is not the clinical standard because the degradation mechanisms
are not understood in vitro or in vivo. Several factors, such as the
microstructure of magnesium or its alloys, pH, temperature,
composition of the corrosion medium or body environment,
buffering capacity of the solutions, presence of proteins in the
medium or adjustment of flow rate of the environmental
medium, induce changes in metal degradation behavior.2-5

Moreover, cells also have a direct impact on the corrosion rate.2

However, it has been shown that magnesium-based implants
may enhance bone formation in vivo.3,4 Again, the possible
underlying cellular mechanisms, such as magnesium storage or
cell type-specific changes in metabolism induced by degradation,
remain unclear. In this work, we intend to take the first step

toward analyzing the effect of excess magnesium on specific bone
markers.

Mg2C is a co-factor for many different enzymes and is impor-
tant for cell proliferation, protein synthesis and apoptosis.5 Dis-
eases that are correlated with magnesium depletion (i.e.,
hypomagnesaemia6) are well studied, but very little is known
about the effect of locally high magnesium concentrations. It was
hypothesized that increased intracellular Mg2C serves as a
primary regulator of the cell cycle by increasing the protein
synthesis.7 Here, we studied different parameters that provide
hints about the possible osteoconductivity of magnesium. In
addition to cell number and viability, we focused on the size of
the cells, which is an important factor for cell behavior regarding
adhesion and differentiation.8 Moreover, we determined changes
in bone-specific gene expression that occur during proliferation
and are induced by magnesium. To keep the system as simple as
possible, MgCl2 was used.

Cell lines are often used in cell culture experiments because
they are usually fast-growing, well-defined cells. Cell lines are
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highly useful, particularly for non-degradable implant materials.
However, the question remains: do they also deliver comparable
results in the case of biodegradable magnesium implants? In
recent years, the MG63 cell line has become a standard model
for bone research in addition to primary human osteoblasts. A lit-
erature research using the relevant keywords of this study (e.g.,
magnesium, primary human osteoblasts, MG63, SaoS2, U2OS)
revealed that more than 20% of the publications found were per-
formed with MG63. In addition to this cell line, other human
osteosarcoma-derived cell lines such as SaoS2 or U2OS are used
as bone models. Altogether, one of these cell lines was used in
approximately 60% of the publications. Although cell lines are
often used as “bone mimics,” it is questionable whether they are
truly representative cells for the study of degrading magnesium.

It is already known that immortalised cell lines and cells that are
directly isolated from the tissue can exhibit different characteristics.
Primary cells such as human osteoblasts are still able to differentiate
on their own, e.g., due to confluency. Moreover, primary human
osteoblasts inherently possess senescence control; after a few genera-
tions, cells stop division because of telomerase shortening.9 In con-
trast, the cell lines used in this study were isolated from
osteosarcoma and thus showed different characteristics: (1) MG63
cells are capable of producing high levels of fibroblast-like inter-
feron.10 They are not able to form a calcified matrix.11 Recently, it
was shown that these cells are capable of producing action potentials
similar to primary osteoblasts.12 As mentioned, they are quite fre-
quently used for the examination of different biomaterials.13-16 (2)
U2OS was the first cell line to be established from an osteosarcoma
in 1964 (e.g., Pautke et al.17). U2OS cells are also not able to differ-
entiate and form a calcified matrix.18,19 Additionally, their proteo-
mic expression indicates that they are closer to fibroblasts than
osteoblasts.20 Although they are widely used in anticancer research,
they do not play a large role in biomaterial testing. In contrast, (3)
Saos2 are often used for this type of research because of their high
mineralisation and proliferation capacity.21-23 They also have been
shown to be osteoinductive in vivo.24

In this study, proliferating cells (i.e., cultured without factors
promoting osteogenic differentiation) were used. Primary human
osteoblasts, as well as 3 human osteosarcoma-derived cell lines
(MG63, SaoS2 and U2OS), were evaluated for their reaction to
enhanced extracellular magnesium concentrations. The aim of
our study was to examine whether we can find evidence of an
osteoconductive effect of high extracellular magnesium concen-
trations on bone cells. Because this potential might be different
for cell lines and primary cells, we performed a comparative study
to determine which type of cell is the most reliable for use in
future in vitro investigations of degrading magnesium materials.

Results

Osmolality of the media
To ensure that the cells were not dying of osmotic shock or pH

changes due to high MgCl2 concentrations, the osmolality and pH
were measured (Fig. 1). The osmolality increased in DMEMGluta-
MAX I from 0.35 osmol/kg § 0.002 (control) to 0.4 osmol/kg §

0.001 (25 mMMgCl2). In DMEM, the osmolality increased from
0.32 osmol/kg § 0.001 (control) to 0.37 osmol/kg § 0.002
(25 mMMgCl2). The osmolality inMcCoy’s 5Amedium from 0.3
osmol/kg § 0.001 (control) to 0.36 osmol/kg § 0.002 (25 mM
MgCl2). As expected, the slopes were linear in each case. The pH val-
ues were not influenced by the addition ofMgCl2.

Cell proliferation and cell viability
The effects of enhanced extracellular MgCl2 were first examined

by measuring the cell count (i.e., proliferation rate) and viability of
normal proliferating cells. Proliferation is generally reduced by the
addition of MgCl2 (Fig. 2A). Though the proliferation rate of
SaoS2 cells is significantly reduced by the addition of 10 mM
MgCl2, the growth of osteoblasts is already significantly affected at a
concentration of 5 mM. In contrast, cell count is significantly
reduced for U2OS andMG63 with the addition of 20 mMMgCl2.
The reduction of the cell growth induced by the addition of 25 mM
MgCl2 can reach 60% in U2OS and osteoblasts compared with the
control and can reach at least 50% inMG63 and SaoS2.

Further regarding cell viability, the cell lines show different
behavior compared with primary human osteoblasts. Whereas the
cell lines are mostly unaffected, the viability of osteoblasts
decreases significantly if more extracellular MgCl2 is available
(Fig 2B). Only U2OS cells are significantly influenced by 20 mM
MgCl2, although their viability remains above 90% (Fig. 2B).

Cell size
During the determination of proliferation, it was observed

that the cells increased in size after MgCl2 addition. The cell
spreading area is an important factor for the entry into the differ-
entiation phase.8 Therefore, the cell size was determined for 1)
trypsinised cells in suspension and 2) adherent cells.

The sizes of the cell lines MG63 and SaoS2 were unaffected
measured with trypsinised cells. U2OS cells were significantly
influenced by the addition of 10 to 20 mM MgCl2, and the size
of trypsinised osteoblasts was significantly increased by the addi-
tion of MgCl2 (Fig. 3A). Whereas these observations were deter-
mined for spherical shaped cells, the adhered cells exhibit a
different behavior.

Figure 1. Media osmolality. Osmolality due to increased MgCl2 concen-
trations in media used in this study. DMEM GlutaMAX I is indicated by
diamonds, DMEM is indicated by squares and McCoy’s 5A is indicated by
triangles.
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Figure 2. Cell proliferation. Cell count (A), viability (B) and division and proliferation rate (C) of the osteosarcoma derived cell lines U2OS, MG63 and
SaoS2 and osteoblasts (OB) after incubation with increasing concentrations of MgCl2 (0-25 mM). Significant differences between control and indicated
conditions are presented by asterisks or hash marks (P< 0.05 D *, P< 0.001 D #). The viability is normalized to the total amount of cells measured in (A).

Figure 3. Cell size of trypsinised cells in suspension (A) and adherent cells on fibronectin coated glass slides (B) of the osteosarcoma derived cell lines
U2OS, MG63 and SaoS2 and osteoblasts (OB) after incubation with increasing extracellular MgCl2 concentrations (0-25 mM). Significant differences
between the control and indicated conditions are presented by asterisks or hash marks (P < 0.05 D *, P < 0.001 D #).
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To observe whether incubation with MgCl2 has an influence
on the shape of the cells, cytoskeletal staining (i.e., actin filaments
(green) and the nuclei (blue)) was performed. For MG63 and
U2OS, no differences in appearance could be detected
(Fig. 4A-D). Moreover, U2OS cells grow in “islands,” which
makes it difficult to detect single cells.

SaoS2 cells showed an increase in cell size in the adhered
state when 25 mM MgCl2 was added (Fig. 4E and F). They

exhibited a more laminar shape compared with the control.
This effect was even more pronounced for osteoblasts. The
adherent cells were extremely large if enhanced MgCl2 con-
centrations were present. This phenomenon can be observed
for extracellular concentrations above 10 mM MgCl2. Osteo-
blasts can expand up to twice in length and 4-fold in width
if adhered (Fig. 4G and H). In relation to the size, the
nucleus was also enlarged.

Gene expression

RT-PCR
To determine whether MgCl2 has an influence on the gene

expression of proliferating cells, a semi-quantitative analysis of
bone-specific genes was performed using RT-PCR. Though
25 mM of MgCl2 exhibited a slightly toxic effect in observing
measurable effects, control cells and cells with the highest exposi-
tion to MgCl2 (25 mM) were analyzed.

As expected, the gene pattern of the different cell types was
different. Qualitatively, compared with osteoblasts, SaoS2 cells
exhibited the most similar gene expression pattern (Fig. 5A). The
gene expression of MG63 cells revealed a pattern that is strikingly
different from that of osteoblasts. Here, no osteopontin (OPN)
or bone sialoprotein (BSP) expression could be detected. Addi-
tionally, the alkaline phosphatase (ALP) expression was very
weak (Fig. 5A).

The addition of 25 mM MgCl2 had no crucial influence on
the gene expression pattern regarding osteoblasts and SaoS2. In
U2OS cells, the expression of BSP seemed to be enhanced,
whereas no osteocalcin (OC) expression could be determined
after the addition of 25 mM MgCl2 to the environment. More-
over, an addition of 25 mM MgCl2 led to increased ALP expres-
sion in MG63, but no osteoprotegerin (OPG) expression could
be determined (Fig. 5B).

By analyzing the relative densities (Table 1) of the gene
expression pattern, some general statements can be made: 1. The
gene expression of MG63 is extremely changed by the addition
of MgCl2. All markers are downregulated except heparanase
(HPSE), which is the only marker comparable to primary osteo-
blasts. 2. In primary osteoblasts, the only genes affected are ALP
(upregulated) and BSP (downregulated). In SaoS2 cells, the
affected genes are HPSE, ALP, runt-related transcription factor 2
(cbfa1) and collagen type 1 (Col 1) (upregulated), whereas OC
and OPG are downregulated. In U2OS cells HPSE, OC and col-
lagen type 10 (Col 10) are upregulated, whereas cbfa1 and Col 1
are downregulated.

qPCR
Using real-time polymerase chain reaction (qPCR), gene

expression was determined semi-quantitatively and in a concen-
tration dependent manner for the most interesting genes. Con-
trary to the observations for proliferation and size, where a linear
positive or negative correlation for increasing concentrations was
found, the picture is more diverse in terms of gene expression.
For the cell lines, U2OS gene expression was considerably differ-
ent compared with those for MG63 and SaoS2. Increasing

Figure 4. Cell size of adherent cells on fibronectin coated glass slides.
Fluorescent microscopy of U2OS cells under cell culture conditions (A)
and after addition of 25 mM MgCl2 (B), MG63 (C and D), SaoS2 (E and F)
and osteoblasts (G and H), respectively. Actin filaments were stained
green, and the nuclei were stained blue. The scales show a length of
50 mm, except the scale in H, where the length is 100 mm.
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MgCl2 concentrations led, in nearly all genes, to an increase of
expression, whereas at 25 mM, it approaches the control level.
The prominent exception here is OPG (Fig. 6A). MG63 cells
showed little differences in ALP and OC, whereas BSP and OPG
expression was increased. The OPN and receptor activator of
nuclear factor k B ligand (RANKL) showed a negative bell-
shaped expression (Fig. 6B) that was comparable to SaoS2
(Fig. 6C). In this cell type, the general gene expression was not
greatly influenced (compare the scales in Fig. 6C).

For all cell types, OC was not dramatically influenced by
increasing extracellular MgCl2 concentrations (Fig. 6), but the
gene expression of OPG was increased. The highest rise was
observed in U2OS for OPG and RANKL, where the expression
increased by 4.5 times. In MG63, the OPG/RANKL quotient

increased 2.3-fold following the addition of 15 mM MgCl2
(Table 2). The OPG/RANKL ratio showed only slight alterations
in SaoS2, whereas it was very inconsistent in U2OS. With the
addition of 5 mM MgCl2, the quotient was 1.5 and decreased
with the addition of 10-20 mMMgCl2, though it increased up to
3.1 if 25 mMMgCl2 was added to the environment.

The strongest influence of MgCl2 was observable in primary
osteoblasts, where BSP, OPG, OPN and RANKL were upregu-
lated more than 2-fold (Fig. 6D). In addition, the OPG/RANKL
ratio was increased 2.2-fold if 15 mMMgCl2 was added. With the
other concentrations, however, this ratio was below 1. This can be
counted as the first direct indication that magnesium can also have
osteoconductive properties for proliferating primary osteoblasts.

Discussion

Magnesium implants are considered to have a functional
aspect that might lead to osteoconductive properties. Therefore,
as a first step, we studied the influence of a magnesium salt on
several cellular parameters that are involved in osteoconductivity
in proliferating cells.

MgCl2 was used as a model system to eliminate other environ-
mental factors, such as pH alterations, which can arise due to
magnesium degradation.

First, the medium osmolality and pH values were measured
after the addition of MgCl2 to ensure that the cells were not dying
because of osmotic shock or high toxicity. As expected, the pH did
not change, both with and without the presence of cells (data not

Figure 5. Qualitative gene expression. Comparison of gene expression of various genes involved in bone formation from human osteoblasts (OB) and
osteosarcoma cell lines MG63, SaoS2 and U2OS under cell culture conditions (A) and after incubation with 25 mM MgCl2 (B). The sizes of the DNA ladder
are indicated in (C). GAPDH: glyceraldehyde 3-phosphate dehydrogenase; HPSE: Heparanase; ALP: alkalinephosphatase; RANKL: RANK ligand; BSP: bone
sialoprotein; Cbfa1: runt-related transcription factor 2; OC: osteocalcin, OPN: osteopontin; OPG: osteoprotegerin; Col: Collagen.

Table 1. Change in relative density (% of control)

U2OS MG63 SaoS2 osteoblasts

GAPDH 100 100 100 100
HPSE 169.71 111.45 140.14 82.56
ALP 69.87 29.63 127.97 152.46
RANKL 304.56 0.01 89.23 108.45
BSP 0.011 49.93 115.67 55.29
Cbfa1 957.25 29.17 139.36 111.50
OC 0.015 0.019 0.01 87.63
OPN 33.32 37.64 0.02 84.23
OPG 210.18 46.22 128.98 29.27
Col 1 169.71 111.45 101.19 98.92
Col 10 69.87 29.63 140.14 92.15

www.landesbioscience.com e967616-5Biomatter



shown). The osmolality increased slightly with the addition of up
to 25 mMMgCl2, which resulted in a 25-fold higher magnesium
concentration than that observed in a normal medium. All osmo-
lality values are in a regime that is not toxic for the cells.25 There-
fore, we could only ensure that the influence of elevated
extracellular magnesium concentrations was measured.

The analysis of cell proliferation and viability showed that
only an inhibiting effect of magnesium can be observed. The cell
size, however, indicates that with increased MgCl2 concentration,
an osteoconductive effect could be present for primary osteo-
blasts. It was reported that the size and shape of the cells is crucial
to the fate of the cell, i.e., if the cell exhibits a large spreading area
combined with an abundant cytoskeleton, the cell is inclined to
enter the differentiation phase faster.8 This could be an explana-
tion for the reduced viability in combination with an enlarged
cell size for primary human osteoblasts.

In addition to cell number, viability and cell size, the expres-
sion of genes involved in bone and matrix formation can indicate
whether high magnesium concentrations may be involved in the
step from proliferation to differentiation. qPCR has indeed
shown an increase in gene expression for bone-relevant genes in
primary osteoblasts. Highly significant changes (more than
3-fold) were only observed in U2OS and primary osteoblasts.

Figure 6. Semi-quantitative gene expression. Gene expression of genes involved in bone metabolism from osteosarcoma-derived cell lines U2OS (A),
MG63 (B), SaoS2 (C) and osteoblasts (D) after incubation with various MgCl2 concentrations (0-25 mM). Gene expression was normalized to the expres-
sion of GAPDH and ß-Actin. Expression of 0 mM MgCl2 was set as the control (D 1). GAPDH: glyceraldehyde 3-phosphate dehydrogenase; ALP: alkaline
phosphatase; BSP: bone sialoprotein; OPN: osteopontin; OPG: osteoprotegerin; RANKL: RANK ligand. Significant differences between the control and indi-
cated conditions are presented by asterisks or hash marks (P< 0.05 D *, P < 0.001 D #).

Table 2. Osteoprotegerin/RANK ligand gene expression ratios examined by
qPCR

U2OS MG63 SaoS2 osteoblasts

5 mM MgCl2 1.5 0.8 1.4 0.7
10 mM MgCl2 0.7 2.0 1.8 0.2
15 mM MgCl2 0.8 2.3 1.6 2.2
20 mM MgCl2 1.0 1.2 1.8 0.6
25 mM MgCl2 3.1 1.7 1.3 0.5

e967616-6 Volume 4 Issue 1Biomatter



Regarding primary osteoblasts, the addition of 10 mM magne-
sium salts induced the highest alterations in BSP and OPN,
which are involved in bone formation. OPN was even further
upregulated with increasing magnesium concentrations.

After the enlarged cell size, we can count the gene expression
as the second osteoconductive effect of magnesium in primary
osteoblasts.

Our investigations of possible indications of osteoconductivity
were paralleled by a detailed comparison of cell types that are
usually used as bone models. Here, we must state that depending
on which parameter is studied, only primary osteoblasts are suit-
able to provide a realistic picture about the influence of magne-
sium because the cell lines were reacting in all aspects in a
controversial and quite heterogeneous way.

From the literature, it is known that different cell lines exhibit
various characteristics.17-24 Our results indicate a stronger influ-
ence of MgCl2 on osteoblast proliferation and viability compared
with the osteosarcoma-derived cell lines. Regarding the cell lines,
it seems that the addition of magnesium leads to reduced prolif-
eration activity as the cell count is reduced from 10 mM MgCl2,
but the viability is not influenced dramatically. The viability of
the cell lines is at the highest concentration above 90%. In terms
of viability, primary cells seem to be more sensitive; a severe
decrease in osteoblast viability due to enhanced extracellular
MgCl2 concentrations is observed. This decrease is not caused by
osmolality values that are too high but is instead directly related
to the presence of magnesium. Here, it should be noted that in
our experiment, the viability of the osteoblasts in general was
already quite low under the control conditions without the addi-
tion of MgCl2. However, for mammary epithelial cells, it was
shown that proliferation is stimulated with up to 40 mM
magnesium.26

It has been proven that the presence of divalent cations, such
as magnesium, stimulates cell adhesion.27 It could be observed
that with augmented extracellular MgCl2 concentrations, SaoS2
cells and osteoblasts adhere stronger to tissue culture plastic.
From a concentration of 10 mM MgCl2, the use of cell scrapers
was necessary to detach the cells from the tissue culture plastic,
whereas MG63 and U2OS easily detached from the surface by
trypsinisation. This observation can also be associated with both
cell types becoming very large when magnesium was added to the
environment. Moreover, it was reported that Mg2C regulates the
organization of integrins in focal adhesions,28 which are impor-
tant for cell adhesion to implant materials.29

The genes involved in different stages of osteoblast maturation
were tested by PCR. The transcription factor cbfa1, which initiates
the maturation of osteoblasts, is expressed in all cells and does not
show great alteration upon the addition of magnesium. We con-
cluded that its gene expression is independent of enhanced magne-
sium concentrations and thus did not consider it for qPCR.

ALP was used as an early marker because it is already present in
pre-osteoblasts.30 The presence of increased expression of this gene
indicates that osteoblast maturation is initiated. It is only weakly
expressed inMG63, though it can be found in all other cells.

BSP, OC and OPN were used as markers for mature osteo-
blasts.31-33 Here, we can observe that these genes are expressed in

osteoblasts, whereas there are some alterations regarding the cell
lines. Magnesium does not lead to a genotype compared with the
mature osteoblasts in MG63 and U2OS. Differentiation does
not occur in those cells.

Col 1 and Col 10 were chosen as components of the matrix,
and collagen type 2 (Col 2) was chosen as a negative control
because it should not be present in osteoblasts.34 The gene
expression is similar, as expected, for all cells and did not change
for MgCl2. Therefore, these genes were not further investigated
by qPCR.

HPSE provokes cell adhesion to the extracellular matrix.35

Because the expression does not change, it was not further inves-
tigated in this study. The increased adhesion strength observed
for osteoblasts and SaoS2 is presumably not due to an amplified
expression of this gene but to an augmented adhesion area that
occurs because of the increased size of adherent cells.

Finally, the antagonists in the bone remodelling process, OPG
and RANKL,36 were analyzed. Overall RT-PCR showed a high
similarity of the gene profile for osteoblasts and SaoS2.

The genes whose expression promised to be most interesting
because of enhanced MgCl2 concentrations in the environment
were chosen for qPCR, which revealed more detailed changes in
gene expression.

The results of qPCR are heterogenic for all cell types; it is very
complicated to determine a marker for osteoblastic maturation
under enhanced extracellular magnesium conditions. The expres-
sion pattern of MG63 is most different compared with that of
osteoblasts, whereas similarities between U2OS and, to some
extent, SaoS2 were observed. The consequence is that no cell line
is a completely suitable model for studying the influence of mag-
nesium on bone cells. On the one hand, magnesium availability
is important for bone formation, and it was found that magne-
sium deficiency causes OPG/RANKL ratios that promotes osteo-
clastogenesis (in osteoblasts, up to 16-fold after a 50%
magnesium nutrition diet for 6 months compared with the con-
trol).37 On the other hand, magnesium supplementation
increases serum OPG and leads to variations in the OPG and
RANKL presence, which seems to favor bone formation.38 In
our case, the OPG/RANKL ratios are heterogenic (Table 2).
Nevertheless, to appraise cellular osteogenesis because of
enhanced magnesium concentrations, further experiments such
as histological staining and biochemical assays should be
performed.

Distinct differences in gene expression can be examined by
comparing RT-PCR and qPCR. These differences can be
explained by the use of the 2 different methods. RT-PCR was
only used as a qualitative method to examine whether a gene is
expressed. However, the method sensitivity can be discussed.
qPCR is a more sensitive method, and in it, gene expression is
normalized to 2 housekeeping genes (Glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH) and ß-Actin). Those genes were
chosen because they are constitutively expressed in a wide range
of cell types and are involved in important mechanisms of the
cell, e.g., glycolysis (GAPDH) or cell structure (ß-Actin).

The results obtained from the diverse experiments performed
for this study showed that different characteristics and behaviors
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exist when comparing primary human osteoblasts and osteosar-
coma-derived cell lines. Though osteosarcoma-derived cell lines
are commonly used as osteoblast-like models to circumvent the
disadvantages of osteoblasts, such as their slow proliferation rate
or patient-dependent variability, in this special case, they are only
useful to a limited extent. The commonly used MG63 cell line
exhibits characteristics that differ most from osteoblasts. The
SaoS2 cell line is comparable to osteoblasts in their proliferation
and adherent cell size, whereas the gene expression of the U2OS
cell line is similar to that of osteoblasts. However, the results
must be carefully evaluated compared with osteoblasts. Regard-
less, for investigating magnesium in vitro, MG63 is not an appli-
cable model for bone cells.

Conclusion

We can conclude that MgCl2 has a measurable effect on bone
cells irrespective their origin. An increased cell size can be deter-
mined for primary cells, which would be the second osteocon-
ductive clue, following a gene expression that favors bone
formation.

Additionally, we can note that neither MG63 nor U2OS is an
appropriate model for bone cells when magnesium is investi-
gated. If necessary, we recommend SaoS2, the only one of the 3
cell lines that is able to mineralise.22,23

Further experiments on differentiated cells, including ones
using extracts of degrading magnesium materials, will be per-
formed to determine whether the effect of magnesium on bone
formation is stronger.

Materials and Methods

Osmolality
All of the media used already contained magnesium sulfate

(MgSO4 – 7H2O) at a concentration of 200 mg/L which corre-
lates to 0.813 mM. To ensure that enhanced MgCl2 concentra-
tions in the medium did not dramatically affect its osmolality,
which would affected cell homeostasis and viability, osmolality
and pH were measured. Solutions of the special medium neces-
sary for the different cell types supplemented with 10% (v/v) foe-
tal bovine serum (FBS) were prepared with various MgCl2
concentrations (MgCl2 – 6H2O (Merck, Darmstadt, Germany);
0-25 mM in 5 mM steps). Osmolality was then determined after
2 to 3 days before the medium change with a freezing point
osmometer (Osmomat 030-D; Gonotec, Berlin, Germany).
Then, 60 mL of each sample were analyzed. Each condition was
performed in quadruplicate.

Cell culture
The osteosarcoma derived cell lines MG63, SaoS2 and U2OS

were purchased from the European Collection of Cell Cultures
(ECACC, Salisbury, United Kingdom). U2OS were cultured in
Dulbecco’s Modified Eagle’s Medium (DMEM, Life Technolo-
gies, Darmstadt, Germany) containing 10% (v/v) FBS (PAA Cell

Culture Company, Linz, Austria). SaoS2 cells were cultured in
McCoy’s 5A (Life Technologies, Darmstadt, Germany) contain-
ing 10% (v/v) FBS, and MG63, as well as primary human
osteoblasts, were cultured in DMEM-GlutaMAX I (Life
Technologies, Darmstadt, Germany) containing 10% (v/v) FBS.
Isolation and culture of primary human osteoblasts was approved
by the local ethics committee and performed according to the
Declaration of Helsinki as described before.25 Briefly, the osteo-
blasts used in this study were either from artificial hip joint (pro-
liferation, viability and cell size measurements) or cruciate
ligament operations (gene expression); the latter were healthy
osteoblasts without an osteoporotic background. Cancellous
bone material was removed from bone pieces and transferred to a
cell culture flask. Cancellous particles were covered with cell cul-
ture medium and incubated in the incubator until approximately
90% confluential growth and then divided.

Osteoblasts were used up to the 3rd passage, and the cell lines
were used between the 4th and 10th passages. The medium was
changed every 2 to 3 days. Each experiment was performed using
5 independent cultures (n D 5).

Cell count, viability and cell size
To examine the impact of magnesium on proliferation,

10,000 cells were incubated with various concentrations of
MgCl2 in cell culture flasks. No addition of MgCl2 was set as the
control. Then, 5 to 25 mM MgCl2 were added in 5 mM steps.
Cell lines were incubated for one week and osteoblasts for
4 weeks due to their lower growth rate. The cells were trypsinised
(0.05% Trypsin-EDTA (1X), Phenol Red, Life Technologies,
Darmstadt, Germany), and the cell number, viability and mean
diameter were determined using CASY Model TT 150 mm
(Roche, Mannheim, Germany). Briefly, CASY uses the pulse
area analysis technique. Hundreds of readings per cell are possible
because the frequency is set at a million measurements per second
for each object. CASY quantifies viable and dead cells with indi-
vidual adjustments for each cell type concurrently. More pre-
cisely, below the size of 7.25 mm, CASY measures cell debris for
U2OS; between the range of 7.25 mm – 11.5 mm, dead cells are
detected, and particles above the size of 11.5 mm are living cells
and cell aggregates. For MG63, the values were below 7.75 mm
(cell debris), 7.75 mm – 12.75 mm (dead cells) and above
12.75 mm (living cells and aggregates); for SaoS2, the values
were below 7.0 mm (cell debris), 7.0 mm – 11.25 mm (dead
cells) and above 11.25 mm (living cells and aggregates); and for
primary human osteoblasts, the values were below 7.63 mm (cell
debris), 7.63 mm – 14.88 mm (dead cells) and above 14.88 (liv-
ing cells and aggregates) mm, respectively. Sample volumes from
25 mL (MG63 and U2OS), 50 mL (SaoS2) and 200 mL (OB)
were applied.

Fluorescence microscopy
The shape of adhered cells was visualised by fluorescence

microscopy. Cells were grown on sterile glass slides that had pre-
viously been coated with fibronectin (10 ng/mL; Sigma-Aldrich,
Taufkirchen, Germany). Fixation of the cells was performed with
3.7% (v/v) formaldehyde (Sigma-Aldrich, Taufkirchen,
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Germany). Actin filaments were stained with Alexa Fluor Phalloi-
din (Life Technologies, Darmstadt, Germany). Then, 1% (v/v)
BSA (Life Technologies, Darmstadt, Germany) and 1 unit of
Alexa Fluor Phalloidin were added to the cells. 4,6-Diamidino-2-
Phenylindole Dihydrochloride (DAPI; 5 mg/mL; Sigma-Aldrich
Chemie, Taufkirchen, Germany) was used to stain the nuclei.

The analysis was performed using an Eclipse Ti-S microscope
and NIS-Elements Microscope Imaging Software (Nikon
GmbH, D€usseldorf, Germany). The applied filters were DAPI
(Ex: 325-375 nm; Em: 435-495 nm; Mirror at 400 nm) and
FITC (Ex: 460-500 nm; Em: 510-560 nm; Mirror at 505 nm).
The length and width of 3 adherent cells were measured.

RNA isolation and cDNA synthesis
Total cellular ribonucleic acids (RNA) were extracted using an

RNeasy Mini Kit (Qiagen, Hilden, Germany) following the
manufacturer’s manual. Up to 4 million cells were used and
washed twice with PBS (phosphate-buffered saline; 0.137 M
NaCl, 0.0027 M KCl, 0.01 M Na2HPO4 x 2 H2O, 0.00176 M
KH2PO4, pH 7.4) before lysis by adding a guanidine isothiocya-
nate containing buffer with 1% (v/v) b-Mercaptoethanol
(Merck, Darmstadt, Germany). The lysate was homogenized
using the QIAshredder spin column (Qiagen, Hilden, Germany).
Subsequently, 70% (v/v) ethanol was added to the flow through.
The mixture was then applied to an RNeasy spin column (a sil-
ica-gel membrane) and washed twice. Total RNA was eluted
with RNase free water. RNA integrity and concentration were
measured photometrically at 260 nm and 280 nm using a Nano-
Drop 2000c Spectrophotometer (PEQLAB Biotechnologie
GmbH, Erlangen, Germany) and on a 1% (w/v) agarose gel con-
taining 0.01% (v/v) GelRed (Biotium, Hayward, California,

USA). Subsequently, 2 mg RNA was used for reverse transcrip-
tion. Reverse transcription was performed as recommended by
the supplier (Omniscript RT Kit, Qiagen, Hilden, Germany)
using the corresponding buffer, 0.5 mM of each dATP, dGTP,
dTTP and dCTP, 1 mM of Oligo-dT primer, 4 units Omni-
script Reverse Transcriptase and 10 untits of RNase Inhibitor
(Qiagen, Hilden, Germany). The incubation was performed at
37�C for 60 min.

Primer
To determine whether magnesium has an influence on bone

metabolism, several genes that are involved in bone and matrix
formation were analyzed. Primer sequences were selected either
from publications or designed using the Primer3 Input software
(version 0.4.039).

Primers were purchased from Eurofins MWG Operon (Ebers-
berg, Germany), and their sequences are listed in Tables 2 and 3.
The annealing temperatures (Ta) are specified for RT-PCR pri-
mers (Table 3), and it was 60�C for all qPCR primers (Table 4).

Reverse-transcription polymerase chain reaction (RT-PCR)
analysis

cDNA was used as the template for RT-PCR. All enzymes,
nucleotides, buffers and other chemicals for RT-PCR were pur-
chased from Qiagen (Taq PCR Core Kit, Hilden, Germany).
Here, 2.5 units of Taq DNA Polymerase and 800 mM of each
dNTP, 20 pmol of each primer and a total concentration of
2.5 mM MgCl2 were used for each reaction. In the case of osteo-
calcin (OC), 4% (v/v) glycerol (Merck, Darmstadt, Germany)
was added. The PCR program was performed as follows: initial
denaturation for 5 min at 95�C; 35 cycles with denaturation for

Table 3. Reverse transcription-PCR (RT-PCR) primer sequences

Gene abbreviation RT-PCR-Primer (5’-3’) Ta [�C] product size

Glyceraldehyde 3-phosphate dehydrogenase40 GAPDH ACCACAGTCCATGCCATCAC 55 452
TTCACCACCCTGTTGCTGTA

Heparanase41 HPSE TGGACCTGGACTTCTTCACC 53 216
TTGATTCCTTCTTGGGATCG

Alkaline phosphatase40 ALP ACGTGGCTAAGAATGTCATC 53 475
CTGGTAGGCGATGTCCTTA

Receptor Activator of NF-kB Ligand42 RANKL CAGGAGACCTAGCTACAGA 49 418
CAAGGTCAAGAGCATGGA

Bone sialoprotein43 BSP AAGCAATCACCAAAATGAAGACT 55 188
TGGAAATCGTTTTAAATGAGGATA

Runt-related transcription factor 244 Cbfa1 CCCCACGACAACCGCACC 55 289
CACTCCGGCCCACAAATCTC

Osteocalcin40 OC CATGAGAGCCCTCACA 48 315
AGAGCGACACCCTAGAC

Osteopontin 40 OPN CCAAGTAAGTCCAACGAAAG 55 347
GGTGATGTCCTCGTCTGTA

Osteoprotegerin42 OPG AGACTTTCCAGCTGCTGA 49 469
GGATCTCGCCAATTGTGA

Collagen type 1 Col1 AAAGGCAATGCTCAAACACC 49 159
TCAAAAACGAAGGGGAGATG

Collagen type 245 Col2 GTGGAGCAGCAAGAGCAAGGA 61 334
CTTGCCCCACTTACCAGTGTG

Collagen type 10 Col10 TCCAAAAGGTGATCCTGGAG 55 181
CCCTTTAGACCCAGGGAATC
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30 s at 95�C; primer-annealing for 30 s at the correspondent
temperature; elongation for 45 s at 72�C; and additional elonga-
tion for 7 min at 72�C. The PCR products were then visualised
on a 1% (w/v) agarose gel stained with 0.01% (v/v) GelRed.
Glyceraldehyde 3- phosphate dehydrogenase (GAPDH) was
used as evidence that cDNA synthesis was successful.

Real-time PCR analysis
Real-time PCR (qPCR) was used to semi-quantify the expres-

sion rate of the chosen genes. qPCR was performed using SsoFast
EvaGreen Supermix (Bio-Rad Laboratories GmbH, M€unchen,
Germany), 10 pmol of each primer and cDNA. The PCR pro-
gram was performed as follows: initial denaturation for 30 s at
95�C; 60 cycles with denaturation for 5 s at 95�C; primer-
annealing for 15 s at the correspondent temperature; elongation
for 30 s at 72�C; and melt curve: 65�C to 95�C and 0.5�C per
step. The results were analyzed using the CFX Manager Software
1.1 (Bio-Rad Laboratories GmbH, M€unchen, Germany). As
internal controls (housekeeping genes), glyceraldehyde 3- phos-
phate dehydrogenase (GAPDH) and ß-Actin were used. More-
over, the homogeneity of the housekeeping genes was surveyed
by analyzing the target stability values.

Statistical analysis
Statistics were performed using the SigmaStat package (Systat

software GmbH, Erkrath, Germany). Standard analysis comparing
more than 2 treatments was conducted using a one-way ANOVA.
Depending on the data distribution, either a one-way ANOVA or
an ANOVA on ranks was performed. The post-hoc tests were
Holm-Sidak or Dunn’s versus the control group. Statistics for
qPCR were performed using CFX Manager Software 1.1 (regula-
tion threshold 2.00 and P-Value threshold 0.001). Statistical val-
ues are indicated at the relevant experiments.
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