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Abstract: In this work, magnesium hydroxide NPs were synthesized using water (Mg(OH), NPs)
or a rose hip (RH) extract (Mg(OH),RH NPs) and tested for the bone cells” effects in co-cultured
osteoblastic and osteoclastic cells, using a Transwell® insert system, allowing reciprocal cell paracrine
interactions. Behavior of each cell population was characterized for typical phenotype markers, at
days 1 and 6. Cell cultures treated with osteogenic/osteoclastogenic inducers were used as positive
control of cell differentiation. The NPs presented a round shape morphology with an average diam-
eter ~90 nm (Mg(OH), NPs) and below 10 nm (Mg(OH),RH NPs. Both NPs induced osteoblastic
and osteoclastic behavior similarly to that observed in induced osteoblastic and osteoclastic cultures
(positive controls). Differences between the two types of particles were evident at the gene expression
level. Compared to Mg(OH), NPs, the green-synthesized NPs greatly increased the expression of
osteoblastic genes coding for the early markers ALP and collagen type 1 and the later transcription
factor osterix, while decreasing the expression of osteoclastogenic genes, namely the essential tran-
scription factor NFATC1, TRAP and the genes coding for the functional markers CA2 and CTSK.
Opverall, a positive added effect could be hypothesized for Mg(OH),RH NPs with potential usefulness
to promote bone formation in regenerative applications.

Keywords: green synthesis; Mg(OH), nanoparticles; rose hip extract; co-cultured bone cells;
osteoblastic induction

1. Introduction

Bone remodeling, occurring continuously in the bone microenvironment, is a process
that comprises an equilibrium between bone resorption by the osteoclasts and bone for-
mation by the osteoblasts, involving also other cells, such as osteocytes, bone lining cells,
endothelial and immune cells, to achieve bone health [1,2]. Appropriate bone cell culture
systems are widely used tools, contributing to the understanding of the cellular events and
underlying mechanisms both in healthy conditions and in cases of bone disorders due to
metabolic or bone defects. In this context, and targeting a translational approach, direct
and indirect co-cultures of bone cells are advantageous models as they allow mimicking
the interactions between the two main cells involved in bone metabolism, namely the
osteoblasts and the osteoclasts, in an in vitro environment. Although these systems do
not allow us to study what occurs during a remodeling cycle, where bone resorption is
followed by bone formation and occurs simultaneously in different bone sites, they provide

Pharmaceuticals 2021, 14, 1281. https:/ /doi.org/10.3390/ph14121281

https://www.mdpi.com/journal /pharmaceuticals


https://www.mdpi.com/journal/pharmaceuticals
https://www.mdpi.com
https://orcid.org/0000-0002-1584-229X
https://orcid.org/0000-0002-9679-4022
https://orcid.org/0000-0001-9391-9574
https://orcid.org/0000-0002-8567-0032
https://doi.org/10.3390/ph14121281
https://doi.org/10.3390/ph14121281
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/ph14121281
https://www.mdpi.com/journal/pharmaceuticals
https://www.mdpi.com/article/10.3390/ph14121281?type=check_update&version=1

Pharmaceuticals 2021, 14, 1281

20f 17

crucial information on cell-to-cell interactions and how these can affect bone remodel-
ing [3,4]. In indirect co-cultures, the two cell types are physically separated but can be
cultured under the same conditions, allowing paracrine signalling and the characterization
of both cell types without the need for cell labelling [5,6]. Recurring in the use of primary
or immortalized cells, these systems improve the understanding of the remodeling process,
ultimately resulting in a reduction of animal testing [4,7]. Mainly, studies have focused on
bone formation, less on bone resorption and scarcely on the two cell types interactions [3].

In conditions of defective bone regeneration, the use of nanomaterials is an essen-
tial promising approach, and their cytocompatibility testing in appropriate cell culture
models is required before moving to more complex in vivo models. Nanomaterials used
to stimulate the bone regenerative events need to be biocompatible, osteoinductive and
with adequate physicochemical properties to improve bone formation while controlling
bone resorption and achieving a proper equilibrium between these two processes [8-10].
Magnesium is the second most abundant cation in bone and is essential for bone health. Its
use to synthesize nanomaterials for bone applications has shown great potential in many
forms, such as filling materials or by being incorporated in scaffolds or alloys, due to its
biodegradability [11]. Besides the synthesis of biomaterials being economical, the process
itself needs to be more environmentally friendly, which is easily achieved through the
use of medicinal plants. As such, green synthesis of magnesium oxide nanoparticles has
been reported in several studies and was demonstrated to be less toxic and easier than
conventional chemical synthesis [12], yielding particles with great potential biomedical
applications [13-16], providing an opportunity to evolve bionanotechnology. On the other
hand, biological applications of magnesium hydroxide (Mg(OH),) nanoparticles have
been less investigated, and green synthesis has barely been reported. Rose hip (RH), the
accessory fruit of Rosa canina L. (the part of the flower just below the petals that contains
the seeds), is a medicinal plant widely used due to its bioactive compounds, namely,
polyphenols, vitamins and carotenoids, and its anti-inflammatory effects, being used as
a therapeutic agent in conditions such as rheumatoid arthritis, bacterial infections and
osteoporosis [17]. Due to its antioxidant properties, rose hip can play a role in restoring
bone cell metabolism through the regulation of oxidative stress in cases of abnormally high
levels of oxidative stress, reducing bone resorption and increasing bone formation [17,18].
We have previously reported that green-synthesized magnesium hydroxide (Mg(OH),)
nanoparticles, using nitrate as the magnesium counterions and rose hip extract, had affected
monocultured bone cells, namely by stimulating bone-forming osteoblasts and restraining
bone-resorbing osteoclasts [19]. Magnesium counterions are reported to affect crystallites
and particle sizes [20]. Although subtle, these changes may lead to nanoparticles with
very different physicochemical properties differentially affecting the response of biological
systems [21,22].

As the effects of different Mg(OH), nanoparticles on bone have been scarcely investi-
gated, the aim of the present work was to characterize rose hip functionalized magnesium
hydroxide nanoparticles, using chloride as the counterion, on bone cells. A step forward
was to address the effect of the particles on co-cultured osteoblastic and osteoclastic cells.
The results were compared to those from a similar protocol set up in monocultured cells.
With the more representative co-culture system, it is expected to bring about an integrative
view of the biological profile of Mg(OH), nanoparticles in interacting bone cells, as well
as the eventual added biological performance of the green-functionalized process as an
efficient and environmentally friendly regenerative approach.

2. Results
2.1. Physicochemical Characterization of Mg(OH), Nanoparticles

The size of Mg(OH),RH NPs was assessed by TEM and shown in Figure 1A. These
NPs present a round shape morphology with an average diameter below 10 nm. When

compared with the nanoparticles synthesized without RH extract, with mean diameters
of 90 nm [19], the Mg(OH),RH NPs are almost 10 times smaller. The presence of Mg
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on the as-synthesized nanoparticles was confirmed by EDS (Figure 1B). The detection of
C is related to the RH phytochemicals that are functionalizing these green-synthesized
nanoparticles, and the presence of O can be correlated with both the formation of Mg(OH),
and with the presence of the bioactive compounds (Figure 1B). When analyzing the SAED
pattern, slightly light dots together with a blurred signal show that we are in the presence of
predominantly amorphous particles (Figure 1C). These Mg(OH),RH NPs, due to their small
size, possess very high surface energy, which leads the NPs to aggregate in order to lower
their surface energy during crystal growth. This agglomeration is reduced when the NPs
were in suspension due to the presence of phytochemical in NPs’ surface. Further evidence
from the phytochemical adsorbed on the surface of Mg(OH),RH NPs can be obtained by
the ATR-FTIR spectrum. In Figure 1D, bands at 1031 em~!, 1076 cm™1, 1268 cm~1! and
1492 cm~! have been assigned to polyphenols derived from RH extract. The sharp and
strong peak at 3700 cm~! and two small bands at 1590 cm ! and 1398 cm ! are due to
the O-H stretching vibrations in the Mg(OH), nanoparticles structures (Figure 1D). The
amount of polyphenols determined by UV-Vis present in Mg(OH),RH NPs was 116 mg of
tannic acid/mg particles.
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Figure 1. Physicochemical characterization of the Mg(OH), nanoparticles functionalized with RH.
(A) Transmission electron microscopy (TEM) image; (B) energy-dispersive X-ray spectroscopy (EDS)
spectrum and corresponding quantification; (C) selected area electron diffraction (SAED) pattern;
and (D) attenuated total reflection Fourier-transform infrared spectroscopy (ATR FTIR) spectrum.

2.2. Effect of Mg(OH); NPs in Monocultured Osteoblastic and Osteoclastic Behavior

First, the effect of Mg(OH), NPs and Mg(OH),RH NPs was evaluated in monocultured
osteoblastic cells (MG-63 cells) and osteoclastic cells (THP-1-derived cells), exposed to the
NPs for periods up to 6 days, and cultures were characterized for viability and phenotype
markers. Results were compared with those from negative control (cells grown in base
medium) and positive control (cells supplemented with phenotype inducers).

2.2.1. Osteoblastic Cell Behavior

MG-63 cells were cultured in basal conditions, osteogenic medium (supplementation
with ascorbic acid and dexamethasone) and exposed to the NPs (1, 10 and 100 ug/mL). Cell
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behavior was analyzed at days 1, 3 and 6 for metabolic activity, ALP activity and staining
and immunostaining of SPP1 (osteopontin) (Figure 2).
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Figure 2. Behavior of MG-63 cells monocultured in basal and osteogenic conditions, and exposed
to Mg(OH), or Mg(OH),RH NPs, for periods up to 6 days. (A) Cell viability (MTT assay); (B) ALP
activity, * significantly different from cultures grown in basal medium (p < 0.05); (C) histochemical
staining of ALP and (D) immunohistochemical staining of SPP1 (osteopontin) in cultures exposed to
10 pg/mL NPs for 1 day. Bar: 100 pm (C) and 50 pm (D).

In all culture conditions, metabolic activity increased through the culture time, and no
significant differences were found in the cell behavior (Figure 2A).

ALP activity (Figure 2B) increased from day 1 to day 3 and stabilized afterwards in all
conditions. Compared to basal conditions (negative control), cells cultured in osteogenic
medium showed higher values on days 3 and 6. On day 1, both particles caused a dose-
dependent induction in ALP activity. Additionally, the enzyme activity was higher than
that measured in base medium (p < 0.05) throughout the culture time, being similar to
that observed in osteogenic conditions. No significant differences were found between
the two particles. These results were corroborated through the histochemical staining of
ALP, as shown in Figure 2C for cultures exposed to the NPs (10 ug/mL) for 1 day. Cultures
proliferated forming cellular agglomerates that stained dark brown for ALP. Images were
suggestive of a higher staining in the cultures performed in osteogenic conditions and in
the presence of the NPs. A comparable pattern was noticed for the immunostaining of
SPP1 (Figure 2D) that was clearly increased in the positive control and in the presence of
the two NPs.

2.2.2. Osteoclastic Cell Behavior

The response of THP-1-derived cells was analyzed in basal medium, osteoclastogenic
conditions (presence of M-CSF and RANKL) and exposed to Mg(OH), and Mg(OH),RH
NPs (10 pg/mL), at days 1 and 6. In osteoclastogenic conditions and exposure to the NPs,
total protein content (Figure 3A) decreased with the culture time, and values were similar
in the three conditions. TRAP activity (Figure 3B) was very low in basal conditions but
increased significantly (p < 0.05) from day 1 to day 6 in the presence of the osteoclastogenic
inducers or the NPs. Again, the behavior was similar in these conditions. To sustain these
results, TRAP histochemical staining was performed to detect the presence of TRAP on day
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1 for all conditions and on day 6 for the induced and NP-exposed cells. The osteoclastogenic
factors and the NPs induced the osteoclastogenic response, as shown by the presence of
TRAP(+) multinucleated cells.
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Figure 3. Behavior of THP-1-derived cells cultured in basal conditions, osteoclastogenic medium (sup-
plementation with M-CSF and RANKL), and exposed to Mg(OH), and Mg(OH),RH NPs (10 pg/mL)
for 1 and 6 days. (A) Total protein content and (B) TRAP activity; * significantly different from the
cultures grown in the basal medium (p < 0.05); (C) TRAP histochemical staining of cells at days 1 and
6 in the tested experimental conditions; bar: 100 pm.

2.3. Effect of Mg(OH), NPs in Co-Cultured Osteoblastic and Osteoclastic Cells

MG-63 cells were cultured in Transwell® inserts for adherence and after 24 h, they
were indirectly co-cultured with THP-1-derived cells (seeded on the bottom of the well)
for up to 6 days. THP-1-derived cells were maintained in basal conditions (control),
osteoclastogenic medium (M-CSF + RANKL, positive control) and also exposed to Mg(OH),
or Mg(OH),RH NPs at 10 ng/mL. On days 1 and 6, each cell population was evaluated for
their characteristic phenotype markers.

2.3.1. Behavior of Co-Cultured Osteoblastic Cells

MG-63 cells co-cultured with THP-1-derived cells were evaluated at days 1 and 6 for
ALP activity and staining, immunostaining of F-actin cytoskeleton, nucleus and SPP1, and
also the expression of osteogenic genes. The results are illustrated in Figure 4.

ALP activity, at day 1, was similar in all culture conditions, but values increased from
day 1 to day 6. This increase was very low in MG-63 cells cultured with THP-1 cells kept in
basal conditions. However, values increased significantly when THP-1 cells were cultured
in osteoclastogenic conditions (~fourfold) or exposed to the NPs (~threefold), compared to
day 1 (Figure 4A). The same behavior is observed in MG-63 cultures stained for alkaline
phosphatase (Figure 4B, upper row). On day 6, a notorious darker staining was observed
in MG-63 cultures co-cultured with THP-1 cells kept in osteoclastogenic conditions or
treated with the NPs. Furthermore, cultures organized in cellular agglomerates that stained
intensively for the presence of ALP. The two particles had similar behavior.
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Figure 4. Behavior of MG-63 cells co-cultured with THP-1-derived cells. THP-1 cells were kept in basal conditions,
osteoclastogenic medium (M-CSF+RANKL) and also exposed to Mg(OH), and Mg(OH),RH NPs (10 ng/mL) for 1 and
6 days. (A) ALP activity. (B) Histochemical staining of ALP (upper row) and immunostaining of F-actin (green) and nucleus
(blue) (lower row); bar: 100 um. (C) Immunostaining of SPP1 (osteopontin) (red) and nucleus (blue); bar: 100 um and 20 um.
(D) Cell area. (E) Expression of osteoblastic genes. (A,D): * Significantly different from cultures grown in basal medium
(p £0.05). (E): * Significantly different from cultures exposed to Mg(OH), NPs (p < 0.05).

MG-63 cultures were also immunostained for the F-actin cytoskeleton and nucleus
(Figure 4B, lower row). Cells presented an elongated morphology with intense cytoskele-
ton staining. Images suggest that cells co-cultured with THP-1 supplemented with M-
CSF+RANKL or exposed to the NPs presented a higher abundance of cells showing an
organized cytoskeleton surrounding the nucleus. This seems to be more notorious when
THP-1 cells were exposed to the NPs, and particularly Mg(OH),RH NPs.

Images of cultures immunostained for SPP1 protein (osteopontin) also suggest dif-
ferences in the cell behavior (Figure 4C). MG-63 cells cultured with THP-1 cells kept in
basal conditions showed a lower size and thinner morphology compared to those of the
other conditions. Cells co-cultured with THP-1 cells kept with the growth factors or the
NPs presented a more rounded morphology, increased cell size and intense osteopontin
staining. Additionally, this was more evident when THP-1 cells were exposed to the NPs
compared to the supplementation with the growth factors (Figure 4D).

The previous results were somewhat inconclusive regarding eventual differences
between Mg(OH); and Mg(OH),RH NPs. Therefore, MG-63 cells co-cultured with THP-
1 cells exposed to the NPs were analyzed for the expression of some osteoblastic genes
(Figure 4E). Overall, MG-63 cultures co-cultured with THP-1 cells treated with the green-
synthesized NPs (Mg(OH),RH) showed an increase in the expression of all genes compared
with those co-cultured with THP-1 treated with Mg(OH), NPs. Significantly increased
gene expression was observed for ALP (~twofold), Collal (~30%) and, particularly, SP7
(~threefold), while the expression of Runx2 and SPP1 was similar in both conditions.

2.3.2. Behavior of Co-Cultured Osteoclastic Cells

THP-1-derived cells, kept in basal medium, osteoclastogenic conditions or exposed
to the NPs, and co-cultured with MG-63 cells, were characterized for TRAP activity and
staining, F-actin cytoskeleton immunostaining, cell area, percentage of multinucleated cells
and expression of some osteoclastogenic genes. The results are presented in Figure 5.
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Figure 5. Behavior of THP-1 cells co-cultured with MG-63 osteoblastic cells for 1 and 6 days. THP-1-derived cells were
cultured in basal conditions, osteoclastogenic medium or exposed to Mg(OH), or Mg(OH),RH NPs (10 pg/mL). (A) TRAP
activity; (B) TRAP histochemical staining, at day 6; (C) F-actin cytoskeleton (green) and nucleus (blue) immunostaining;
(D) cell area; (E) percentage of multinucleated cells; (F) expression of osteoclastogenic genes. (A,E): * Significantly different
from cultures grown in basal medium (p < 0.05). (F): * Significantly different from cultures exposed to Mg(OH), NPs
(p < 0.05). (B,C): Bar = 100 um.

TRAP activity (Figure 5A) increased from day 1 to day 6 in THP-1 cells cultured in
base medium or supplemented with M-CSF and RANKL, and values were significantly
higher in the induced cultures. In THP-1 cell cultures exposed to the NPs, TRAP activity
peaked already at day 1 and remained similar at day 6. Enzyme activity was similar to
that measured on the osteoclastogenic-induced THP-1 cells on day 6. Compared to the
cells kept in basal conditions, in the other three conditions, TRAP-stained THP-1 cultures
showed cells with typical osteoclastic features, namely a high number of purple-stained
TRAP(+) large and multinucleated cells (Figure 5B).

THP-1-derived cells were immunostained for F-actin and nucleus at day 6 (Figure 5C)
to assess cell morphology, formation of F-actin rings and evaluation of cell area and percent-
age of multinucleated cells for the four experimental conditions (basal, osteoclastogenic
and exposure to Mg(OH), or Mg(OH),RH NPs). In all conditions, cultures presented
cells with osteoclastic characteristics. Compared to the basal condition, semi-quantitative
evaluation of the cell area showed a tendency for an increased area in THP-1 cells induced
with the growth factors or exposed to the NPs, although without attaining a statistical
significance (Figure 5D). The same was not observed for the percentage of multinucleated
cells (Figure 5E). An evident increase in this parameter was observed in the later conditions.
Cultures exposed to Mg(OH), or Mg(OH),RH NPs showed similar values at days 1 and
6 that were not statistically different from those observed in the osteoclastogenic-induced
THP-1 cells.

The described evaluation of co-cultured THP-1 cells did not evidence clear differ-
ences between the two particles. However, gene expression of relevant osteoclastogenic
genes (Figure 5F) revealed that cultures treated with the green-synthesized NPs showed
a decrease in the expression of the genes NFATC1, CA2 and CTSK (~25-30% reduction,
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p < 0.05), compared to the Mg(OH), NP-treated cultures. Expression of SPI1 and ACP5
remained similar.

2.4. The Culture System: Monoculture vs. Co-Culture

In this section, we compare the behavior of monocultured and co-cultured osteoblastic
and osteoclastic cells for ALP and TRAP activities, respectively, in the tested conditions.
Significant differences were noted on the two culture models (Figure 6).
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Figure 6. ALP activity of MG-63 cells and TRAP activity of THP-1 cells on monoculture (black continuous lines) and
co-culture (bars) conditions, kept for 1 and 6 days in all tested conditions. ALP activity: MG-63 cells monocultured in
base conditions, osteogenic medium and NPs (continuous line); MG-63 cells co-cultured with THP-1 cells, with these cells
being kept in base medium, osteoclastogenic conditions and NPs (bars). TRAP activity: THP-1 cells monocultured in base
medium, osteoclastogenic conditions and NPs (continuous line); THP-1 cells co-cultured with MG-63 cells, with THP-1 cells
kept in base medium, osteoclastogenic conditions and NPs (bars). * Significantly different from the cultures grown in basal
medium (p < 0.05).

Monocultured MG-63 osteoblastic cells presented low ALP activity at day 1, having a
small increase at day 6 (~20%) in all conditions (basal, osteogenic, exposure to NPs). How-
ever, ALP activity increased significantly when co-cultured with THP-1 cells, particularly
when these cells were kept in osteoclastogenic conditions (~fourfold) or treated with the
NPs (~3 threefold), but also peaking at day 6. It should be emphasized that maximal ALP
activity was significantly higher in co-cultured conditions, but attained at the same culture
stage (day 6). Interestingly, in both mono- and co-cultured conditions, the effect of the NPs
in ALP activity was similar to that observed in the induced conditions.

Monocultured THP-1 cells treated with the inducer factors (M-CSF and RANKL)
presented high TRAP activity that increased from day 1 to day 6. Co-culturing with MG-
63 cells resulted mainly in an earlier peaking of TRAP activity, i.e., maximal values were
observed already at day 1, remaining similar afterwards. However, maximal TRAP activity
was similar in monocultured (day 6) and co-cultured (day 1) THP-1 cells. It is also worth
noting that the effect of both NPs was similar to that found in THP-1 cells cultured in
osteoclastogenic conditions in both models.

3. Discussion

Bone regenerative medicine is one of the most complex and important field as a prob-
lem solver for imbalances and defects in the bone. Improving biomaterials aims for the
needed features to reach bone regeneration such as biocompatibility, osteoinductivity, os-
teoconductivity and fitting mechanical and physicochemical properties [23]. The main goal
is to stimulate osteoblasts’ proliferation and differentiation to achieve bone formation while
regulating osteoclasts” differentiation and promoting a balanced bone metabolism and
health [9]. Nanomaterials are widely used due to their physical and chemical features, and
magnesium-containing biomaterials have been associated with enhanced biocompatibility
in regenerative applications. Mg plays a major role in bone metabolism and it has been
reported to improve osteoblastic adhesion, proliferation [24] and differentiation through
its use as a nanomaterial [19,25]. Medicinal plants are being used to direct the synthesis of



Pharmaceuticals 2021, 14, 1281

9of 17

NPs to be more ecologic, further allowing their functionalization with biological properties
such as antioxidant, anti-inflammatory and/or antibacterial activity [13,14,19,26-28].

This work focused on the effect of green-synthesized Mg(OH), nanoparticles in bone
cells recurring to an indirect co-culture system of human osteoblasts and osteoclasts. The
aim was to better characterize the integrative response of the NPs on interacting osteoblas-
tic and osteoclastic cells and, further, to assess the potential of green nanoparticles for bone
regenerative applications. For that, Mg(OH),RH NPs synthesized through chloride precur-
sors were compared to a control (Mg(OH),) where the synthesis occurred in pure water [19].
In a previous work [19], we reported the synthesis of these NPs, but using a different pre-
cursor, nitrate, as the magnesium counterion, as it was described that the precursors may
have an important role in the characteristics of produced Mg(OH), nanoparticles [29].
However, when comparing the nanoparticles synthesized herein using chlorides with the
nanoparticles synthesized with nitrates [19], no significant differences were observed in
size, morphology or RH phytochemicals loading, suggesting that the rose hip extract has a
preponderant role in the final characteristics of the NPs and not the precursor. Nevertheless,
polyphenol release kinetics were not evaluated for the two particles, and small differences
might affect differently the diverse biological profile associated with polyphenols, namely
antioxidant and anti-inflammatory effects and antibacterial activity [30]. This is now under
investigation by our group.

The first in vitro testing approach was to analyze the effect of the two types of
Mg(OH), NPs in monocultured osteoblastic and osteoclastic cells. Human cell lines were
used as an option for primary cells, namely the MG-63 osteoblastic cell line [31,32] and the
osteoclastic-differentiated THP-1 cells [33]. The use of cell lines as an alternative to primary
cells is widely accepted due to the difficulties faced by using primary cells. The main
concern is the patient-to-patient variability, which is minimized using cell lines, translating
into higher phenotypic stability and allowing for greater reproducibility and more reliable
comparison of different studies [31,34,35].

MG-63 is a proliferative osteoblastic cell line, characterized for its pre-osteoblast
stage and having some important phenotypical similarities to human primary osteoblasts,
namely hormonal response and integrin subunits profile and sensitivity to osteogenic dif-
ferentiation inducers [32] being widely used to test biomaterials [31,34]. In order to verify
the suitability of MG-63 cells as an osteoblastic cell model, these cells were monocultured
in basal and osteogenic medium (supplementation with ascorbic acid and dexametha-
sone [19]). Results showed increased ALP activity and staining in osteogenic conditions
(Figure 2B,C), supporting the use of these cells as negative (basal conditions) and positive
(osteogenic medium) controls. Monocultured MG-63 cells were also sensitive to the ex-
posure to Mg(OH), NPs, reflected by an induction in ALP activity, with maximal values
similar to that found in osteogenic conditions (Figure 2B). This positive effect is in line
with previous studies involving Mg-containing NPs and other materials [19,36-38]. The
inductive effect of the NPs occurred soon after the exposure, observed already at day 1,
which did not occur by culturing the cells in osteogenic medium with a delayed induction
(days 3 and 6).

The effect of Mg(OH), NPs was also assessed in osteoclastic cells, by using a human
osteoclast model established from the differentiation of the monocytic cell line THP-1 [33].
THP-1 cells were first differentiated into macrophage-like cells with PMA and then induced
to osteoclastic cells with M-CSF and RANKL [33,39]. The differentiation of macrophages
into osteoclasts was verified by analyzing TRAP activity and the formation of TRAP(+)
multinucleated cells, which were all greatly increased in the induced cells, as expected
for the osteoclastic differentiation [40]. As such, cultures performed in basal conditions or
induced with the growth factors were used as negative and positive controls, respectively.
THP-1-derived cells were also highly sensitive to Mg(OH), NPs. The two types of particles
were able to induce the osteoclastic features to levels similar to those observed with the
induction factors (M-CSF and RANKL), following a similar pattern, results that are in line
with previous work with similar NPs [19].
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The results mentioned above suggest that both the MG-63 cell line and THP-1-derived
cells are sensitive to the effects of Mg(OH), and Mg(OH),RH NPs. Following, the cell
response to these NPs (10 ug/mL) was analyzed in an indirect co-culture model of these
cell types, an approach that has not yet been addressed before. This model allows reciprocal
cellular communication, providing a more representative and relevant system to test the
NPs for bone applications [4,5,7,41]. In the present study, Transwell® inserts with MG-
63 cells previously cultured for 24 h were fitted on top of the 24-well plates with the
cultured THP-1-derived cells. THP-1 cells were kept in four experimental conditions, i.e.,
base medium (negative control), osteoclastogenic conditions (M-CSF and RANKL, positive
control) and exposed to Mg(OH), or Mg(OH),RH NPs. Co-cultured cells were analyzed
individually for the respective phenotype parameters.

The results showed that co-cultured MG-63 cells were very sensitive to the culture
conditions of interacting THP-1 cells (Figure 4). Culture of THP-1 cells in osteoclastogenic
conditions or in the presence of the NPs had a significant effect on the behavior of MG-
63 cells, evidenced by a fourfold or a threefold increase in ALP activity, respectively, at day 6.
This induction was also evident in the immunohistochemical staining of osteopontin. The
co-culture conditions provide essential paracrine interactions needed for cell activity [42,43].
As mentioned above, the positive effects of Mg-containing NPs in osteoblastic cells have
been reported both in vitro and in vivo conditions [11,19,24,25]. However, the present
study reports for the first time that the inductive osteoblastic effect increases significantly
in interacting osteoblastic and osteoclastic cells, a condition that better mimics the bone
cellular environment. Nevertheless, the above positive effects of Mg(OH), NPs in the
osteoblastic behavior, did not allow us to detect differences between the conventional or
the green-synthesized NPs. This aspect was elucidated at the molecular level by analyzing
the gene expression of relevant osteoblastic markers in MG-63 cells co-cultured with
THP-1 cells exposed to Mg(OH), or Mg(OH),RH NPs. Expression of early osteogenic
differentiation markers such as Runx2, Collagen type I and ALP, and also later differentiation
markers such as Osterix (SP7) and Osteopontin (SPP1) were higher in cultures exposed to
the green-synthesized NPs. Significant upregulation was observed for the genes coding
for collagen type I (~30%), the main component of the bone matrix, ALP (~twofold), an
enzyme needed for the initiation of the matrix mineralization [44] and, particularly, osterix
(~threefold), a later transcription factor essential for osteoblast differentiation and bone
formation [44]. This indicates an added osteogenic differentiation potential by the presence
of the rose hip extract (Figure 7), most probably related with its polyphenolic content. The
involvement of polyphenols, such as flavonoids, in tissue regeneration has already been
reported in studies related to oral and bone applications [17,38,45-48].

Mg(OH), NPs synthesized with ]

I ’i [ Rosehip extract

MG-63
osteoblastic cells
Osteogenesis Osteoclastogenesis
Induced gene expression Decreased gene expression

THP-1 derived
osteoclastic cells J

|

[ Potential to promote bone formation ]

in regenerative strategies

Figure 7. Potential added value of green-synthesized NPs, Mg(OH),RH NPs, to promote osteogenesis
in bone regenerative strategies.
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Osteoclastic response in bone interacting cells is also relevant in the regeneration
process. Co-cultured THP-1-derived cells were also evaluated for osteoclastic behavior
(Figure 5). On THP-1 cells supplemented with the induction factors (M-CSF and RANKL)
or exposed to the NPs, TRAP activity attained maximal values already at day 1, and
values remained similar at day 6. There were no significant differences in these situations.
The same was observed for the cell area and the percentage of multinucleated cells. The
results showed that in interacting osteoclastic and osteoblastic cells, the two NPs elicited
a response similar to that induced by the osteoclastogenic factors, following a similar
temporal pattern.

Differences between Mg(OH), or Mg(OH),RH NPs were disclosed only at the gene ex-
pression level. The green-synthesized NPs caused a decrease in the expression of NFATC1,
CA2 and CTSK. NFATC1 is a key transcription factor for osteoclastogenesis given its key role
as an inducer for osteoclastic gene markers expression such as ACP5 (also known as TRAP)
and CTSK, and also being involved in the differentiation of monocytes and macrophages
into osteoclasts [49,50]. CA2 and CTSK are associated with bone resorption and are nor-
mally expressed by resorbing osteoclasts, being major indicators of osteoclastogenesis [51].
These findings suggest an eventual potential to decrease osteoclastogenesis and osteo-
clastic function of the Mg green-synthesized NPs, which is aligned with the presence of
polyphenols in the green extract, agreeing with previous studies performed in mouse bone
marrow cells [52]. The effect of these compounds in the activation of enzymes that diminish
inflammatory processes leads to the impairment of osteoclast differentiation [48].

Although the main focus of this work was to analyze the effect of Mg(OH), NPs
in interacting osteoblastic and osteoclastic cells, it is worth noting that the cell behavior
was greatly affected by the culture conditions, i.e., monoculture versus co-culture, as it
is already well established, including in studies using a magnesium extract [43]. In the
present work, the effects were noticed in the two interacting cell populations. In the
osteoblastic cells, the main effect was a significantly higher induction of ALP activity in
the co-culture with THP-1-derived cells. On the other hand, a much earlier production of
TRAP by THP-1 cells was observed when interacting with the osteoblastic cells, although
maximal attained TRAP activity was similar in both mono- and co-culture conditions. The
complex paracrine interactions between the two cell types will depend on a multicity of
factors, such as the specific cell lines, culture conditions and stage of cell differentiation,
and the present results do not allow us to explain the observed differences. Nevertheless, it
is interesting to note that in both mono- and co-cultured conditions, the effect of the NPs in
ALP activity or TRAP activity followed a pattern similar to that observed in the induced
phenotype conditions for each cell population.

4. Materials and Methods
4.1. Synthesis and Physicochemical Characterization of Mg(OH), Nanoparticles

Mg(OH); NPs were synthesized as described elsewhere [19], but by using magnesium
chloride (MgCl,-6H,0, Sigma-Aldrich, St. Louis, MI, USA) as the precursor. Briefly, the
process was carried out in pure water or recurring to a green synthesis process by using a
75% aqueous rosehip (RH) extract. Two NPs were obtained, Mg(OH), and Mg(OH),RH.

To produce the RH extract, 10 g of dried RH berries were added to 500 mL of distilled
water and boiled for about 45 min. After this time, the suspension was filtered with
MACHEREY-NAGEL paper filters to remove the RH berries. The extract obtained was
subsequently used to produce the NPs. In preliminary experiments, NPs were prepared
using different concentrations of the extract (25%, 50%, 75%, results not shown), and the
NPs produced with 75% extract had the highest amount of phytochemicals per mg of
nanoparticles. These NPs are expected to elicit the most effective and efficient biological
response, and, for this reason, they were selected to be prepared in this study.

Characterization of the size and shape of NPs was assessed by transmission elec-
tron microscopy (TEM) using a Hitachi H-9000-NA microscope operating at 200 kV with
supporting copper—carbon grids. The chemical characterization of Mg(OH),RH NPs was
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achieved with Fourier transformed infrared spectroscopy (FTIR) using a Nicolet (Thermo
Electron) spectrometer with an attenuated total reflectance (ATR) apparatus. The total
phenolic content of the nanoparticles was e evaluated by the Folin—Ciocalteu method [53]
and is expressed in mg tannic acid equivalents/mL.

4.2. Cell Cultures
4.2.1. MG-63 Cell Monocultures and Exposure to Mg(OH), NPs

MG-63 (ATCC®CRL-1427™) cells were cultured in 96-well plates (2 x 10* cells/cm?)
in basal medium containing RPMI-1640 medium supplemented with 10% fetal bovine
serum (FBS), 100 IU/mL penicillin, 100 ug/mL streptomycin and 2.5 ug/mL amphotericin
B (basal medium; all reagents from Gibco) at 37 °C, 95% humidity and 5% CO, atmosphere.
After a 24 h incubation period for adherence, the medium was substituted for fresh basal
medium or basal medium supplemented with 50 pg/mL ascorbic acid and 10 nM dex-
amethasone (osteogenic medium; all reagents from Sigma-Aldrich), used as controls, or
exposed to Mg(OH), NPs (1, 10 and 100 pug/mL). This concentration range was selected
based on a previous work performed with similar NPs, showing its cytocompatibility
in these levels [19]. Cultures were grown until day 6 and characterized for metabolic
activity (MTT assay), alkaline phosphatase (ALP) activity and histochemical staining, and
immunostaining of nucleus and osteopontin (SPP1).

4.2.2. THP-1 Cell Monocultures and Exposure to Mg(OH), NPs

THP-1 (ATCC®TIB-202™) monocytic cells were suspended (1.25 x 10° cells/cm?) in
basal medium containing RPMI-1640 medium supplemented with 10% fetal bovine serum
(FBS), 100 IU/mL penicillin, 100 pg/mL streptomycin and 2.5 pg/mL amphotericin B
(All reagents from Gibco). For differentiation into macrophage-like cells, medium was
supplemented with 100 ng/mL phorbol 12-myristate 13-acetate (PMA, Sigma-Aldrich),
and plates were then incubated at 37 °C, 95% humidity and 5% CO, atmosphere for
48 h. Osteoclastic differentiation was achieved by supplementation of the medium with
50 ng/mL of Macrophage colony-stimulating factor (M-CSF) and 50 ng/mL of receptor
activator of nuclear factor kappa-B ligand (RANKL) (osteoclastogenic medium; both from
PeproTech) or exposed to Mg(OH), NPs (10 ng/mL). Cell response was evaluated at days
1 and 6 after osteoclastic differentiation for total protein content, tartrate-resistant acid
phosphatase (TRAP) activity and histochemical staining.

4.2.3. Indirect Co-Cultures of MG-63 Osteoblastic Cells and THP-1-Derived Macrophages
and Exposure to Mg(OH), NPs

THP-1 cells were cultured in 24-well plates as before and differentiated into macrophage-
like cells. After, Transwell® inserts (0.33 cm?, 0.4 um polyester membrane) with MG-63 cells
previously cultured for 24 h in osteogenic medium were fitted on top of the 24-well plates
with the cultured THP-1-derived cells. Subsequently, THP-1-derived cells medium was
exchanged by basal medium or osteoclastogenic medium, and MG-63 cells were cultured
in osteogenic medium. Both cell types were exposed to Mg(OH), NPs (10 png/mL). Cell
response was characterized for each cell type at days 1 and 6 after exposure. MG-63 cells
were evaluated for alkaline phosphatase (ALP) activity and staining, immunostaining of
F-actin cytoskeleton, nucleus and osteopontin (SPP1) and gene expression of osteoblastic
markers. THP-1-derived cells were characterized for tartrate-resistant acid phosphatase
(TRAP) activity and staining, immunostaining of F-actin cytoskeleton and nucleus, cell
area, percentage of multinucleated cells and gene expression of osteoclastic markers.

4.3. Cell Characterization
4.3.1. Metabolic Activity (MTT Assay)
Metabolic activity was assessed in MG-63 cell monocultures through the MTT assay

on days 1, 3 and 6. MTT (5 mg/mL, Sigma-Aldrich) was added, and the cultures were
incubated for 3 h at 37 °C. Then, culture medium was removed, and dimethyl sulfoxide
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(DMSO, Panreac) was added (room temperature, 15 min) to dissolve the formazan salts.
Absorbance was measured at A = 550 nm in a microplate reader (Synergy HT, Biotek).

4.3.2. Alkaline Phosphatase Activity and Staining

The ALP activity of MG-63 cell monocultures and co-cultures was evaluated on days
1, 3 and 6 in cell lysates (Triton X-100 0.1%, 30 min), by the hydrolysis of p-nitrophenyl
phosphate (p-NPP, 25 mM, Sigma-Aldrich) in an alkaline buffer (pH 10.3, 37 °C, 1 h). The
reaction was stopped with NaOH 5 M, and the product (p-nitrophenol) was measured at
A =400 nm in a microplate reader (Synergy HT, Biotek). Results were normalized to total
protein content and expressed as nanomoles of p-nitrophenol per microgram of protein
(nmol/ pg protein).

For ALP staining, MG-63 mono and co-cultures were fixed in glutaraldehyde 1.5%
(TAAB) in sodium cacodylate buffer 0.14 M (Sigma-Aldrich) for 15 min. Fixed cultures
were incubated in a filtered solution containing sodium naphthyl phosphate (2 mg/mL,
Sigma-Aldrich) and Fast Blue RR in Tris buffer solution 0.1 M, pH 10 (2 mg/mL, Sigma-
Aldrich) for 1 h, protected from light. Stained cultures were observed by light microscopy
(Primo Vert™ Inverted Microscope, Carl Zeiss). ALP presents a brown to black staining.

4.3.3. Total Protein Content

Total protein content was quantified in both mono and co-cultures of MG-63 cells
on days 1, 3 and 6 and THP-1-derived cells on days 1 and 6. Cell lysates (Triton X-100
0.1%, 30 min) were obtained and then evaluated using the DCTM Protein Assay (BioRad),
according to the manufacturer’s instructions.

4.3.4. Tartrate-Resistant Acid Phosphatase Activity and Staining

TRAP activity was evaluated on days 1 and 6. Cell lysates of THP-1-derived cell
cultures (Triton X-100, 30 min) were evaluated by the hydrolysis of p-nitrophenyl phosphate
25 mM (p-NPP) in tartaric acid buffer (0.04 M tartaric acid and 0.09 M citrate, pH 4.8), at
37 °C for 1 h. The reaction was stopped with NaOH 5 M, and absorbance was measured at
A =400 nm in a microplate reader (Synergy HT, Biotek). Results were normalized to total
protein content and expressed as nanomoles of p-nitrophenol per microgram of protein
(nmol/ pg protein).

TRAP staining was assessed on days 1 and 6 in cultures fixed for 10 min with formalde-
hyde 3.7% (Sigma-Aldrich) and stained using the Leukocyte Acid Phosphatase (TRAP) kit
(Sigma-Aldrich) according to the manufacturer’s instructions. Stained cultures were evalu-
ated in a Primo Vert™ Inverted Microscope for the presence of TRAP(+) cells, stained purple.

4.3.5. Immunostaining of SPP1 Protein, F-Actin Cytoskeleton and Nucleus

MG-63 cells in co-culture exposed to Mg(OH), NPs (10 nug/mL) were fixed (formalde-
hyde 3.7%, 10 min), permeabilized (Triton X-100 in PBS, 0.1%, 30 min, room temperature)
and incubated with bovine serum albumin (BSA in PBS, 1%, 30 min, Sigma-Aldrich).
Cultures were incubated with the primary antibody, Purified anti-Osteopontin (SPP1)
Antibody (2.5 ug/mL, overnight, BioLegend) and then incubated with the secondary anti-
body, Alexa Fluor® 594 Goat anti-mouse IgG (minimal x-reactivity) Antibody (5 pg/mL,
2 h, BioLegend). For F-actin cytoskeleton and nucleus staining, cells were incubated
with Alexa Fluor® 488 phalloidin (1:100, 30 min, Molecular Probes) and then Hoechst
(8 ng/mL, 10 min, Enzo). Images were obtained using the Celena S digital imaging system
(Logos Biosystem:s).

THP-1-derived cells in co-culture exposed to Mg(OH), NPs (10 pg/mL) were fixed
(formaldehyde 3.7%, 10 min), permeabilized (Triton X-100 in PBS, 0.1%, 15 min, room
temperature) and incubated with bovine serum albumin (BSA in PBS, 1%, Sigma-Aldrich)
to reduce non-specific coloring. Cultures were stained for F-actin cytoskeleton with
Alexa Fluor® 488 phalloidin (1:100, 30 min, Molecular Probes), and nucleus with Hoechst
(8 ug/mL, 15 min, Enzo). Images were obtained using the Celena S digital imaging system
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(Logos Biosystems). Cell area was evaluated using the measure tool, and the percentage
number of multinucleated cells (>3 nuclei) was calculated in the Image] software v.1.53f.

4.3.6. Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR)

Osteogenic differentiation of MG-63 cells and the osteoclastogenic differentiation of
THP-1 cells in co-culture, both cell types exposed to Mg(OH), NPs (10 pug/mL), were
assessed on day 1 by real-time quantitative polymerase chain reaction (RT-qPCR). Total
RNA was extracted using the TRIzol™ reagent (Invitrogen) and reverse-transcribed into
complementary DNA (cDNA) with the NZY First-Strand cDNA Synthesis Kit (Nzytech),
according to the manufacturer’s instructions. The expression of the target genes (Table 1)
was quantitatively determined on RT-PCR equipment (CFX96, Bio-Rad) using iQTM SYBR®
Green Supermix (BioRad).

Table 1. Genes and respective primers assay ID (BioRad) for RT-qPCR.

Gene Gene Name Assay ID

Glyceraldehyde-3-Phosphate Dehydrogenase

Reference (GADPH) qHsaCEDO0038674

Runt-related transcription factor 2 (Runx2) qHsaCEDO0044067

SP7 transcription factor (SP7) qHsaCEDO0003759

Collagen type I alpha I chain (Collx1) qHsaCEDO0043248

Osteoblastic Alkaline phosphatase (ALP) qHsaCED0045991
Secreted Protein Acidic and Rich in Cysteine

(SPARC), aka Osteonectin qHsaCID0010332
Tumor Necrosis Factor Receptor Superfamily

Member 11b (TNFRSF11B), aka Osteoprotegerin qHsaCED0046251

Spi-1 proto-oncogene (SPI1) qHsaCID0022097

Nuclear factor of activated T cells 1 (NFATC1) qHsaCEDO0044370

Osteoclastic Acid phosphatase 5, tartrate-resistant (ACP5) qHsaCEDO0056724

Carbonic anhydrase II (CA2) qHsaCID0021039

Cathepsin K (CTSK) qHsaCID0016934

4.4. Statistical Analysis

All data were obtained from three separate experiments, each one performed in
triplicate, and expressed as mean values + standard deviation. Statistical analysis was
performed using the IBM® SPSS® Statistics 25. Comparison of experimental conditions
was assessed using the t-test and the groups were compared by the one-way analysis of
variance (ANOVA), followed by the post hoc Tukey test. For both, p-values < 0.05 were
considered significant.

5. Conclusions

Magnesium hydroxide NPs produced by a classical chemical process (Mg(OH), NPs),
or green-synthesized using a rose hip extract (Mg(OH),RH NPs) were evaluated in an
indirect co-culture system of osteoblastic and osteoclastic cells, which allowed reciprocal
paracrine interactions between the two cell types. Both particles greatly induced ALP
activity, but also increased TRAP activity in a way similar to that observed in the presence
of osteoblastic and osteoclastic inducers, suggesting an increase in bone remodeling dy-
namics. Differences between Mg(OH), NPs and Mg(OH),RH NPs were evident in the gene
expression profile of each cell population. The green synthesized NPs greatly increased
the expression of the osteoblastic genes coding for ALP, collagen type I and osterix, and
decreased the osteoclastogenic genes coding for the transcription factor NFATC1 and the
functional markers CA2 and CTSK. Overall, a positive added effect could be hypothesized
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for the green-synthesized Mg(OH),RH NPs with potential usefulness to promote bone
formation in regenerative applications.

Author Contributions: Conceptualization, M.H.F,, C.S. and B.C.; formal analysis, M.H.F., C.S. and
B.C.; funding acquisition, M.H.F. and C.S.; methodology, L.C.P. and M.M.A ; project administration,
M.H.E. and C.S.; resources, M.H.F. and C.S.; supervision, M.H.E, C.S. and B.C.; writing—original
draft, L.C.P, M\M.A., M.H.F. and C.S.; writing—review and editing, M.H.F. and C.S. All authors have
read and agreed to the published version of the manuscript.

Funding: Financial support: project UIDB/50006/2020, funded by FCT/MCTES through PT funds;
project UIDB/00100/2020, funded by FCT/CQE through PT funds; project UIDB/CVT /00772 /2020,
funded by FCT/MCTES through PT funds.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

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

References

10.

11.

12.

13.

14.

15.

16.

17.

Katsimbri, P. The biology of normal bone remodelling. Eur. J. Cancer Care 2017, 26, €12740. [CrossRef] [PubMed]

Zhou, H,; Lu, S.S.; Dempster, D.W. Chapter 2—Bone Remodeling: Cellular Activities in Bone. In Osteoporosis in Men, 2nd ed.;
Orwoll, E.S,, Bilezikian, ].P., Vanderschueren, D., Eds.; Academic Press: San Diego, CA, USA, 2010; pp. 15-24. [CrossRef]

Kohli, N.; Ho, S.; Brown, S.J.; Sawadkar, P.; Sharma, V.; Snow, M.; Garcia-Gareta, E. Bone remodelling in vitro: Where are we
headed? A review on the current understanding of physiological bone remodelling and inflammation and the strategies for
testing biomaterials in vitro. Bone 2018, 110, 38—46. [CrossRef] [PubMed]

Zhu, S.; Ehnert, S.; Rouf, M.; Haussling, V.; Aspera-Werz, R.H.; Chen, T.; Nussler, A.K. From the Clinical Problem to the Basic
Research—Co-Culture Models of Osteoblasts and Osteoclasts. Int. J. Mol. Sci. 2018, 19, 2284. [CrossRef] [PubMed]

Borciani, G.; Montalbano, G.; Baldini, N.; Cerqueni, G.; Vitale-Brovarone, C.; Ciapetti, G. Co—culture systems of osteoblasts and
osteoclasts: Simulating in vitro bone remodeling in regenerative approaches. Acta Biomater. 2020, 108, 22-45. [CrossRef]

Owen, R;; Reilly, G.C. In vitro Models of Bone Remodelling and Associated Disorders. Front. Bioeng. Biotechnol. 2018, 6, 134.
[CrossRef]

Sieberath, A.; Della Bella, E.; Ferreira, A.M.; Gentile, P; Eglin, D.; Dalgarno, K. A Comparison of Osteoblast and Osteoclast in
Vitro Co-Culture Models and Their Translation for Preclinical Drug Testing Applications. Int. J. Mol. Sci. 2020, 21, 912. [CrossRef]
Gao, C; Peng, S.; Feng, P,; Shuai, C. Bone biomaterials and interactions with stem cells. Bone Res. 2017, 5, 17059. [CrossRef]
Lyons, J.G.; Plantz, M.A.; Hsu, WK.; Hsu, E.L.; Minardi, S. Nanostructured Biomaterials for Bone Regeneration. Front. Bioeng.
Biotechnol. 2020, 8, 8. [CrossRef]

Dimitriou, R.; Jones, E.; McGonagle, D.; Giannoudis, P.V. Bone regeneration: Current concepts and future directions. BMC Med.
2011, 9, 66. [CrossRef]

Mammoli, F; Castiglioni, S.; Parenti, S.; Cappadone, C.; Farruggia, G.; Iotti, S.; Davalli, P.; Maier, J.A.; Grande, A.; Frassineti, C.
Magnesium Is a Key Regulator of the Balance between Osteoclast and Osteoblast Differentiation in the Presence of Vitamin Ds.
Int. ]. Mol. Sci. 2019, 20, 385. [CrossRef]

Abinaya, S.; Kavitha, H.P.; Prakash, M.; Muthukrishnaraj, A. Green synthesis of magnesium oxide nanoparticles and its
applications: A review. Sustain. Chem. Pharm. 2021, 19, 100368. [CrossRef]

Younis, 1.Y.; El-Hawary, S.S.; Eldahshan, O.A.; Abdel-Aziz, M.M.; Ali, Z.Y. Green synthesis of magnesium nanoparticles mediated
from Rosa floribunda charisma extract and its antioxidant, antiaging and antibiofilm activities. Sci. Rep. 2021, 11, 16868.
[CrossRef]

Ammulu, M.A,; Viswanath, K.V.; Giduturi, A K,; Vemuri, PX.; Mangamuri, U.; Poda, S. Phytoassisted synthesis of magnesium
oxide nanoparticles from Pterocarpus marsupium rox.b heartwood extract and its biomedical applications. ]. Genet. Eng.
Biotechnol. 2021, 19, 1-18. [CrossRef]

Amina, M.; Al Musayeib, N.M.; Alarfaj, N.A.; El-Tohamy, M.E,; Oraby, H.F,; Al Hamoud, G.A.; Bukhari, S.I.; Moubayed,
N.M.S. Biogenic green synthesis of MgO nanoparticles using Saussurea costus biomasses for a comprehensive detection of
their antimicrobial, cytotoxicity against MCF-7 breast cancer cells and photocatalysis potentials. PLoS ONE 2020, 15, e0237567.
[CrossRef]

Vergheese, M.; Vishal, S.K. Green synthesis of magnesium oxide nanoparticles using Trigonella foenum-graecum leaf extract and
its antibacterial activity. J. Pharmacogn. Phytochem. 2018, 7, 1193-1200.

Marmol, I.; Sanchez-De-Diego, C.; Jiménez-Moreno, N.; Ancin-Azpilicueta, C.; Rodriguez-Yoldi, M.]. Therapeutic Applications of
Rose Hips from Different Rosa Species. Int. J. Mol. Sci. 2017, 18, 1137. [CrossRef]


http://doi.org/10.1111/ecc.12740
http://www.ncbi.nlm.nih.gov/pubmed/28786518
http://doi.org/10.1016/B978-0-12-374602-3.00002-X
http://doi.org/10.1016/j.bone.2018.01.015
http://www.ncbi.nlm.nih.gov/pubmed/29355746
http://doi.org/10.3390/ijms19082284
http://www.ncbi.nlm.nih.gov/pubmed/30081523
http://doi.org/10.1016/j.actbio.2020.03.043
http://doi.org/10.3389/fbioe.2018.00134
http://doi.org/10.3390/ijms21030912
http://doi.org/10.1038/boneres.2017.59
http://doi.org/10.3389/fbioe.2020.00922
http://doi.org/10.1186/1741-7015-9-66
http://doi.org/10.3390/ijms20020385
http://doi.org/10.1016/j.scp.2020.100368
http://doi.org/10.1038/s41598-021-96377-6
http://doi.org/10.1186/s43141-021-00119-0
http://doi.org/10.1371/journal.pone.0237567
http://doi.org/10.3390/ijms18061137

Pharmaceuticals 2021, 14, 1281 16 of 17

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Hubert, P.A.; Lee, S.G.; Lee, S.-K.; Chun, O.K. Dietary Polyphenols, Berries, and Age-Related Bone Loss: A Review Based on
Human, Animal, and Cell Studies. Antioxidants 2014, 3, 144-158. [CrossRef]

Pinho, L.; Garbieri, T.; Grenho, L.; Alves, M.; Gomes, PS.; Santos, C.; Fernandes, M.; Santos, C.; Colago, B. Rosehip Extract-
Functionalized Magnesium Hydroxide Nanoparticles and Its Effect on Osteoblastic and Osteoclastic Cells. Materials 2021, 14, 4172.
[CrossRef]

Giorgi, R.; Bozzi, C.; Dei, L.; Gabbiani, C.; Ninham, A.B.W.; Baglioni, P. Nanoparticles of Mg(OH),: Synthesis and Application to
Paper Conservation. Langmuir 2005, 21, 8495-8501. [CrossRef]

Beck, G.R.; Ha, S.-W.; Camalier, C.E.; Yamaguchi, M.; Li, Y.; Lee, J.-K.; Weitzmann, M.N. Bioactive silica-based nanoparticles
stimulate bone-forming osteoblasts, suppress bone-resorbing osteoclasts, and enhance bone mineral density in vivo. Nanomed.
Nanotechnol. Biol. Med. 2012, 8, 793-803. [CrossRef]

Pourrahimi, A.M.; Liu, D.; Pallon, L.K.H.; Andersson, R.L.; Abad, A.M.; Lagarén, J.-M.; Hedenqvist, M.S.; Strom, V.; Gedde,
U.W,; Olsson, R.T. Water-based synthesis and cleaning methods for high purity ZnO nanoparticles—Comparing acetate, chloride,
sulphate and nitrate zinc salt precursors. RSC Adv. 2014, 4, 35568-35577. [CrossRef]

Kazimierczak, P; Przekora, A. Osteoconductive and Osteoinductive Surface Modifications of Biomaterials for Bone Regeneration:
A Concise Review. Coatings 2020, 10, 971. [CrossRef]

Hickey, D.J.; Ercan, B.; Sun, L.; Webster, T.]. Adding MgO nanoparticles to hydroxyapatite-PLLA nanocomposites for improved
bone tissue engineering applications. Acta Biomater. 2015, 14, 175-184. [CrossRef] [PubMed]

Glenske, K.; Donkiewicz, P.; Kéwitsch, A.; Milosevic-Oljaca, N.; Rider, P; Rofall, S.; Franke, J.; Jung, O.; Smeets, R.; Schnettler, R.;
et al. Applications of Metals for Bone Regeneration. Int. J. Mol. Sci. 2018, 19, 826. [CrossRef]

Sharmila, G.; Muthukumaran, C.; Sangeetha, E.; Saraswathi, H.; Soundarya, S.; Kumar, N.M. Green fabrication, characterization
of Pisonia alba leaf extract derived MgO nanoparticles and its biological applications. Nano-Struct. Nano-Objects 2019, 20, 100380.
[CrossRef]

Hassan, H.M.; Alhumaimess, M.S.; Alsohaimi, I.H.; Essawy, A.A.; Hussein, M.E,; Alshammari, H.M.; Aldosari, O.F. Biogenic-
Mediated Synthesis of the Cs(2)O-MgO/MPC Nanocomposite for Biodiesel Production from Olive Oil. ACS Omega 2020, 5,
27811-27822. [CrossRef]

Alhumaimess, M.S.; Essawy, A.A.; Kamel, M.M.; Alsohaimi, .H.; Hassan, H.M.A. Biogenic-Mediated Synthesis of Mesoporous
Cu20/CuO Nano-Architectures of Superior Catalytic Reductive towards Nitroaromatics. Nanomaterials 2020, 10, 781. [CrossRef]
Pan, X,; Wang, Y.; Chen, Z.; Pan, D.; Cheng, Y.; Liu, Z.; Lin, Z.; Guan, X. Investigation of Antibacterial Activity and Related
Mechanism of a Series of Nano-Mg(OH),. ACS Appl. Mater. Interfaces 2013, 5, 1137-1142. [CrossRef]

Leri, M.; Scuto, M.; Ontario, M.L.; Calabrese, V.; Calabrese, E.J.; Bucciantini, M.; Stefani, M. Healthy Effects of Plant Polyphenols:
Molecular Mechanisms. Int. J. Mol. Sci. 2020, 21, 1250. [CrossRef]

Czekanska, E.M.; Stoddart, M.J.; Ralphs, J.R.; Richards, R.G.; Hayes, ].5. A phenotypic comparison of osteoblast cell lines versus
human primary osteoblasts for biomaterials testing. J. Biomed. Mater. Res. A 2014, 102, 2636-2643. [CrossRef]

Czekanska, E.M.; Stoddart, M.].; Richards, R.G.; Hayes, ].S. In search of an osteoblast cell model for in vitro research. Eur. Cells
Mater. 2012, 24, 1-17. [CrossRef]

Li, Z.H,; Si, Y.;; Xu, G.; Chen, X.M.; Xiong, H.; Lai, L.; Zheng, Y.Q.; Zhang, Z.G. High-dose PMA with RANKL and MCSF induces
THP-1 cell differentiation into human functional osteoclasts in vitro. Mol. Med. Rep. 2017, 16, 8380-8384. [CrossRef]
Wilkesmann, S.; Fellenberg, J.; Nawaz, Q.; Reible, B.; Moghaddam, A.; Boccaccini, A.R.; Westhauser, F. Primary osteoblasts,
osteoblast precursor cells or osteoblast-like cell lines: Which human cell types are (most) suitable for characterizing 4555-bioactive
glass? J. Biomed. Mater. Res. Part A 2020, 108, 663—674. [CrossRef]

Staehlke, S.; Rebl, H.; Nebe, B. Phenotypic stability of the human MG-63 osteoblastic cell line at different passages. Cell Biol. Int.
2019, 43, 22-32. [CrossRef]

Qi, T.; Weng, J.; Yu, E; Zhang, W.; Li, G.; Qin, H.; Tan, Z.; Zeng, H. Insights into the Role of Magnesium Ions in Affecting
Osteogenic Differentiation of Mesenchymal Stem Cells. Biol. Trace Elem. Res. 2021, 199, 559-567. [CrossRef]

He, L.; Zhang, X,; Liu, B.; Tian, Y.; Ma, W. Effect of magnesium ion on human osteoblast activity. Braz. J. Med. Biol. Res. 2016,
49, e5257. [CrossRef]

Marstrand, K.; Campbell-Tofte, J. The role of rose hip (Rosa canina L) powder in alleviating arthritis pain and inflammation—Part
II animal and human studies. Bot. Targets Ther. 2016, 6, 59-73. [CrossRef]

Chanput, W.; Mes, ].J.; Wichers, H.J. THP-1 cell line: An in vitro cell model for immune modulation approach. Int. Immunophar-
macol. 2014, 23, 37-45. [CrossRef]

Alesi, N.; Charles, ].F; Nakamura, M.C. Basic Aspects of Osteoclast Differentiation and Function. In Osteoporosis, 3rd ed.; Leder,
B.Z., Wein, M.N., Eds.; Humana: Cham, Switzerland, 2020; pp. 17-41.

Vis, M.A.M,; Ito, K.; Hofmann, S. Impact of Culture Medium on Cellular Interactions in in vitro Co-culture Systems. Front. Bioeng.
Biotechnol. 2020, 8, 911. [CrossRef]

Schulze, S.; Wehrum, D.; Dieter, P.; Hempel, U. A supplement-free osteoclast-osteoblast co-culture for pre-clinical application.
J. Cell. Physiol. 2018, 233, 4391-4400. [CrossRef]

Wu, L.; Feyerabend, F.; Schilling, A.F.; Willumeit-Rémer, R.; Luthringer, B.J.C. Effects of extracellular magnesium extract on the
proliferation and differentiation of human osteoblasts and osteoclasts in coculture. Acta Biomater. 2015, 27, 294-304. [CrossRef]
[PubMed]


http://doi.org/10.3390/antiox3010144
http://doi.org/10.3390/ma14154172
http://doi.org/10.1021/la050564m
http://doi.org/10.1016/j.nano.2011.11.003
http://doi.org/10.1039/C4RA06651K
http://doi.org/10.3390/coatings10100971
http://doi.org/10.1016/j.actbio.2014.12.004
http://www.ncbi.nlm.nih.gov/pubmed/25523875
http://doi.org/10.3390/ijms19030826
http://doi.org/10.1016/j.nanoso.2019.100380
http://doi.org/10.1021/acsomega.0c02814
http://doi.org/10.3390/nano10040781
http://doi.org/10.1021/am302910q
http://doi.org/10.3390/ijms21041250
http://doi.org/10.1002/jbm.a.34937
http://doi.org/10.22203/eCM.v024a01
http://doi.org/10.3892/mmr.2017.7625
http://doi.org/10.1002/jbm.a.36846
http://doi.org/10.1002/cbin.11073
http://doi.org/10.1007/s12011-020-02183-y
http://doi.org/10.1590/1414-431x20165257
http://doi.org/10.2147/BTAT.S55573
http://doi.org/10.1016/j.intimp.2014.08.002
http://doi.org/10.3389/fbioe.2020.00911
http://doi.org/10.1002/jcp.26076
http://doi.org/10.1016/j.actbio.2015.08.042
http://www.ncbi.nlm.nih.gov/pubmed/26318802

Pharmaceuticals 2021, 14, 1281 17 of 17

44.

45.

46.

47.

48.

49.
50.

51.

52.

53.

Huang, W.; Yang, S.; Shao, J.; Li, Y.P. Signaling and transcriptional regulation in osteoblast commitment and differentiation. Front.
Biosci. 2007, 12, 3068-3092. [CrossRef] [PubMed]

Torre, E.; Iviglia, G.; Cassinelli, C.; Morra, M.; Russo, N. Polyphenols from grape pomace induce osteogenic differentiation in
mesenchymal stem cells. Int. ]. Mol. Med. 2020, 45, 1721-1734. [CrossRef] [PubMed]

Kornicka, K.; Kocherova, I.; Marycz, K. The effects of chosen plant extracts and compounds on mesenchymal stem cells—A bridge
between molecular nutrition and regenerative medicine-concise review. Phytother. Res. 2017, 31, 947-958. [CrossRef] [PubMed]

Nicolin, V.; De Tommasi, N.; Nori, S.L.; Costantinides, E; Berton, F.; Di Lenarda, R. Modulatory Effects of Plant Polyphenols on
Bone Remodeling: A Prospective View From the Bench to Bedside. Front. Endocrinol. 2019, 10, 494. [CrossRef]

Soundarya, S.P.; Sanjay, V.; Menon, A.H.; Dhivya, S.; Selvamurugan, N. Effects of flavonoids incorporated biological macro-
molecules based scaffolds in bone tissue engineering. Int. J. Biol. Macromol. 2018, 110, 74-87. [CrossRef]

Kim, J.H.; Kim, N. Regulation of NFATc1 in Osteoclast Differentiation. J. Bone Metab. 2014, 21, 233-241. [CrossRef]

Crotti, TN.; Sharma, S.M.; Fleming, ].D.; Flannery, M.R.; Ostrowski, M.C.; Goldring, S.R.; McHugh, K.P. PU.1 and NFATcl mediate
osteoclastic induction of the mouse B3 integrin promoter. J. Cell. Physiol. 2008, 215, 636—644. [CrossRef]

Logar, D.B.; Komadina, R.; Prezelj, J.; Ostanek, B.; Trost, Z.; Marc, J. Expression of bone resorption genes in osteoarthritis and in
osteoporosis. J. Bone Miner. Metab. 2007, 25, 219-225. [CrossRef]

Graef, ].L.; Rendina-Ruedy, E.; Crockett, E.K.; Ouyang, P.; Wu, L; King, ].B.; Cichewicz, R.H,; Lin, D.; Lucas, E.A.; Smith, B.J.
Osteoclast Differentiation is Downregulated by Select Polyphenolic Fractions from Dried Plum via Suppression of MAPKs and
Nfatcl in Mouse C57BL/6 Primary Bone Marrow Cells. Curr. Dev. Nutr. 2017, 1, €000406. [CrossRef]

Cicco, N.; Lanorte, M.T.; Paraggio, M.; Viggiano, M.; Lattanzio, V. A reproducible, rapid and inexpensive Folin—Ciocalteu
micro-method in determining phenolics of plant methanol extracts. Microchem. . 2009, 91, 107-110. [CrossRef]


http://doi.org/10.2741/2296
http://www.ncbi.nlm.nih.gov/pubmed/17485283
http://doi.org/10.3892/ijmm.2020.4556
http://www.ncbi.nlm.nih.gov/pubmed/32236566
http://doi.org/10.1002/ptr.5812
http://www.ncbi.nlm.nih.gov/pubmed/28439998
http://doi.org/10.3389/fendo.2019.00494
http://doi.org/10.1016/j.ijbiomac.2017.09.014
http://doi.org/10.11005/jbm.2014.21.4.233
http://doi.org/10.1002/jcp.21344
http://doi.org/10.1007/s00774-007-0753-0
http://doi.org/10.3945/cdn.117.000406
http://doi.org/10.1016/j.microc.2008.08.011

	Introduction 
	Results 
	Physicochemical Characterization of Mg(OH)2 Nanoparticles 
	Effect of Mg(OH)2 NPs in Monocultured Osteoblastic and Osteoclastic Behavior 
	Osteoblastic Cell Behavior 
	Osteoclastic Cell Behavior 

	Effect of Mg(OH)2 NPs in Co-Cultured Osteoblastic and Osteoclastic Cells 
	Behavior of Co-Cultured Osteoblastic Cells 
	Behavior of Co-Cultured Osteoclastic Cells 

	The Culture System: Monoculture vs. Co-Culture 

	Discussion 
	Materials and Methods 
	Synthesis and Physicochemical Characterization of Mg(OH)2 Nanoparticles 
	Cell Cultures 
	MG-63 Cell Monocultures and Exposure to Mg(OH)2 NPs 
	THP-1 Cell Monocultures and Exposure to Mg(OH)2 NPs 
	Indirect Co-Cultures of MG-63 Osteoblastic Cells and THP-1-Derived Macrophages and Exposure to Mg(OH)2 NPs 

	Cell Characterization 
	Metabolic Activity (MTT Assay) 
	Alkaline Phosphatase Activity and Staining 
	Total Protein Content 
	Tartrate-Resistant Acid Phosphatase Activity and Staining 
	Immunostaining of SPP1 Protein, F-Actin Cytoskeleton and Nucleus 
	Real-Time Quantitative Polymerase Chain Reaction (RT-qPCR) 

	Statistical Analysis 

	Conclusions 
	References

