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Background: AH Plus (AH) has been widely used as a root canal sealer in the endodontic field due to
its superior physicochemical properties. However, clinical application of AH is limited due to its weak
bioactivity.

Methods: In this study, we have developed an AH cement containing nano-magnesium hydroxide (NMH)
as an additive to enhance the bioactivity of AH. The NMH can neutralize pH and facilitate bone formation.
The objective of this study was to evaluate the effects of NMH and modified AH on osteoblasts behavior
in vitro. The CCK-8, alkaline phosphatase (ALP) staining, and real-time polymerase chain reaction (PCR)
assays were used to assess the proliferation and differentiation of MC3T3-El cells, respectively. The
adhesion and spreading of MC3T3-E1 cells were investigated iz vitro by scanning electron microscopy (SEM).
Meanwhile, the flow and magnesium ion release of the modified AH was also concerned.

Results: In vitro cell assays further showed that the addition of NMH into AH cement, which was denoted
as modified AH (especially AH+3%NMH), could effectively improve the proliferation and osteogenic
differentiation of MC3T3-E1 cells.

Conclusions: Taken all together, we believe that the modified AH samples (especially AH+3 % NMH) have

outstanding biocompatibility and osteogenic properties and may have great potential in endodontic field.
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Introduction

It is well known that chronic apical periodontitis is usually
accompanied by alveolar bone loss. When the periapical
tissue is invaded by the bacterium, local inflammation occurs
in response. The bone formation is blocked, osteoclasts are
activated, and alveolar bone begins to absorb (1).

In the field of endodontics, they have been continuous
search for materials of root canal obturation that should
stimulate the apical repair and favor the biological seal,
plus with ideal physicochemical properties and acceptable
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biocompatibility as well. Among the materials used as root
canal sealers, epoxy resin-based materials have excellent
physicochemical properties (2). AH is an epoxy resin-
based root canal sealer with prominent physicochemical
properties (3,4), which is widely used in root canal therapy
(RCT) and considered as the gold standard for comparing
all new sealers (5-8). However, some studies have shown
AH did not present any bioactivity potential (9,10). Sealers
with enhanced osteogenic ability have the potential to
promote faster and more predictable healing of periapical
periodontitis (9), and the sealing ability may be improved
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by the deposition of apatite at the material-root dentine
interface in orthograde endodontics (11,12). Therefore, AH
with bioactivity potential will be of great significance for
orthodontic patients.

AH cements may be modified by adding some inorganic
materials (such as calcium hydroxide) to get a more alkaline
pH and greater release of Ca® (13). In the function of
skeletal system, extracellular Mg** plays an important
role, which is similar to Ca® (14). Magnesium, essential
to all living cells, is primarily stored in the bone, dentin,
and enamel (60-65%), which plays a crucial structural
role because it stabilizes hydroxyapatite crystals (15).
Mg™ is a factor that regulates cell metabolism and helps
to improve cell growth rate (15,16). The previous study
had shown that magnesium exhibited a more potent
promotion of osteoblast differentiation effect than the
calcium (17). Supplementation to increase extracellular
magnesium appropriately has been shown to stimulate
bone mineralization (18). Therefore, magnesium is an ideal
additive when considering the modification of AH cements.
Another factor should be considered when improve AH
cements is pH value. The pH is a common physicochemical
feature of the microenvironment around the surface of the
material (19). It is known that pH of the microenvironment
affects the formation/absorption of bones, and by adjusting
the surface alkalinity, it is possible to impart osteogenic
capabilities to biological materials. The alkaline pH can
facilitate osteogenic differentiation of bone mesenchymal
stem cells and increase the proliferation and alkaline
phosphatase activity of osteoblast cells (19).

Magnesium hydroxide (MH) is a good source of
hydroxide ion. Janning et al. (20) observed that MH
can temporarily enhance the activity of osteoblasts
and decrease the number of osteoclasts during bone
remodeling. Moreover, MH has been shown to neutralize
pH and anti-inflammatory responses (15). It is also readily
available, recyclable, inexpensive and has proven to be
environmentally friendly (21,22). Although MH is known
for its insolubility in water, it becomes unstable in the
presence of Cl”, which is abundant in body fluid (15,23).
It was found that nano-structured magnesium had a less
harmful effect on the density of osteoblasts (24), which
makes nano-magnesium hydroxide (NMH) as an ideal
additive for improving AH cements.

Nanomaterials have received much attention in the field
of dental sciences, such as the applications of nanomaterials
in endodontology. Nanoscale particles facilitate transport
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materials from a 0.012 capillary needle and are suitable
for irregular dentin surfaces (25). More advantages of
using nanoparticles in root canal sealers include improving
biocompatibility and enhancing the antibacterial property
(25,26). It has been reported that nano-ceramic sealer
exhibited better biocompatibility than Endoseal mineral
trioxide aggregate (MTA) (27). The increase of specific
surface area of bioactive glass nanoparticles improves
the release area of ions, thus improving the antibacterial
properties of the materials (28). The nanoparticle drug,
compared with the conventional drug, has a more
penetration depth in all regions of the root of the dentinal
tubules (29). Therefore, it is possible to achieve better
biological activity and promote the healing of periradicular
lesions by adding NMH into AH cements.

In our study, we check the effects of NMH on cell
proliferation and osteogenic differentiation, to obtain
the desired biological activity and biocompatibility.
Subsequently, modified AH was obtained by adding NMH
to AH, and the expected biocompatibility and biological
activity were achieved, with the pure AH as a control.
The in vitro osteogenic differentiation properties and
cell compatibility of the pure AH and modified AH were
systematically studied and compared. This study provided
new insights for clinical applications of NMH and shed
a bright light on the clinical application of modified AH
cement.

Methods
Materials

NMH was provided by Institute of Metal Research, Chinese
Academy of Sciences. Root canal sealer AH Plus (AH) was
purchased from Dentsply (Konstanz, Germany) and used as
received.

Specimen preparation and characterization

The morphology and structure of NMH crystals were
observed using a scanning electron microscopy (SEM, SSX-
550, SHIMADZU) and transmission electron microscope
(TEM, FEI T20). The phase of the NMH samples was
characterized by X-ray diffraction (XRD, Shimadzu, XRD-
7000). The experimental sealers were prepared by adding
proportionally 0%, 3%, 5% and 7% (w/w) of NMH.
The sealers (pure and modified AH) were mixed in strict
accordance with the manufacturer’s instructions and molded
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into a 5 mm thick sample having a diameter of 10 mm under
sterile conditions using a non-reactive silicone mold. The
samples were kept in an incubator at 37 °C, 100% relative
humidity for 7 d in order to remove the toxic byproducts.
The polymerization was completed within the setting time
given by the manufacturer. The morphology and elemental
analysis of different samples (AH, AH+3%, 5% and 7% of
NMH) was evaluated by SEM (Zeiss Merlin Compact) and
energy dispersive spectroscopy (EDS).

Magnesium ion release and Alkalizing activity

The surface area to volume ratio used for extract
preparation was approximately 1.25 ¢cm’/mL according to
ISO standard 10993-12. To reflect the real fluctuation of the
concentration of magnesium ions and pH value, all samples
(AH and modified AH) were immersed in the normal saline
at 37 °C without stirring. The extract solution was collected
at 72 h. The concentration of magnesium ions in the
solution was determined by the inductively coupled plasma
atomic emission spectrometry (Profile ICP-AES, Leeman).
The pH value of the normal saline immersing sample
was measured by a pH meter (FE20-FiveEasy Plus™,
METTLER TOLEDO). At least three samples were tested
in each group. The results were expressed as means = SD
and three replicates were detected.

Preparation of conditioned medium and determination of
pH value

For AH experiments, the set specimens were further
exposed to ultraviolet light for 1 h on each surface to ensure
sterility. The surface area to volume ratio used for extract
preparation was approximately 1.25 cm’/mL according
to ISO standard 10993-12. All samples were immersed in
the a-MEM (HyClone, UT, USA) at 37 °C for 72 h. The
extract was sterilized by a 0.2 pm pore size microfilter and
collected for later experiments. For NMH experiments,
2.5 mg/mL stock solution was prepared and diluted with
a-MEM to 1.0, 0.5 and 0.1 mg/mL concentrations. For
maximally dissolving, all materials were stirred for 24 h and
incubated at 37 °C for 72 h (30). The medium was sterilized
by a 0.2 pm pore size microfilter. Ten percent fetal bovine
serum (FBS, Clark, Virginie Ledoyen, USA) and 1% (v/v)
penicillin/streptomycin (HyClone) were added to different
concentrations of the sample to obtain a conditioned
medium. The pH value of each conditioned medium
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was measured by a pH meter (FE20-FiveEasy Plus™,
METTLER TOLEDO). At least three samples were tested

in each group.

Cell culture

The MC3T3-El cells, a well-studied pre-osteoblastic cell
line derived from mouse calvaria and the commonly used
model of osteogenesis iz vitro (31,32), were provided by the
Central Laboratory of China Medical University. The cells
were cultured with o-MEM medium containing 10% (v/v)
fetal bovine serum and 1% (v/v) penicillin/streptomycin at
37 °Cin a 5% CO, humidified atmosphere. The cell culture
medium was refreshed every 2 d.

Cell proliferation assay

The cell proliferation of MC3T3-E1l was evaluated by
a CCK-8 kit (US Everbright Inc., Silicon Valley, USA)
according to the manufacturer’s instructions. MC3T3-E1
was seeded in 96-well plates with 4,000 cells/well and
allowed to grow for 24 h in o-MEM with 10% FBS and
1% (v/v) penicillin/streptomycin. After 24 h, the different
conditioned medium was added to replace the medium.
The blank medium was used as the control group. Six wells
without cells were set as the blank group. At different time
intervals, viz. 1, 2 and 3 d of incubation, 10 pL. CCK-8
solution plus with 90 pL. a-MEM was added to each well
and incubated for 1 h. After incubation, the optical density
was measured at 450 nm by a microplate reader (Tecan,
Salzburg, Austria).

Cell adbesion assay

The morphology of MC3T3-E1 on the surface of sealers
was observed by SEM. Each group contained 3 parallel
samples (n=3). The disks were further exposed to ultraviolet
light for 1 h on each surface to ensure sterility and then
seeded with MC3T3-E1 cells (1.5x10* cells/well with
1 mL o-MEM) in the wells of 24-well tissue culture plates
for 3 d. Pure Ti served as a negative control. A phosphate-
buffered 2.5% glutaraldehyde was fixed to the sample for
SEM examination for 4 h. The samples were then rinsed in
PBS and dehydrated in sequential-graded concentrations of
ethanol (30%, 50%, 70%, 90% and 100%) for 10 minutes
each. The dehydrated and dried samples were coated with
gold-palladium sputtering. Finally, the sample was observed
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Table 1 Primer sequences for real-time PCR

Target genes  Primers

Runx2 F: 5'-TTGCCCTCATCCTTCACTCC-3'
R: 5'-GGCTCCTCCCTTCTCAACCT-3'
ALP F: 5'-GCAGTATGAATTGAATCGGAACAAC-3'
R: 5'-ATGGCCTGGTCCATCTCCAC-3'
OCN F: 5'-ACCATCTTTCTGCTCACTCTGCT-3'
R: 5'-CCTTATTGCCCTCCTGCTTG-3'
GAPDH F: 5'-AAATGGTGAAGGTCGGTGTGAAC-3'

R: 5'-CAACAATCTCCACTTTGCCACTG-3'

Runx2, Runt-related transcription factor 2; ALP, alkaline
phosphatase; OCN, Osteocalcin; GAPDH, glyceraldehyde-3-
phosphate dehydrogenase.

under SEM.

Osteogenic differentiation in vitro

The MC3T3-E1 cells were seeded in 6-well plates
(1.0x10° cells/well) and cultured to 70% confluent. The
mediums were then replaced by the medium containing the
0.5 mg/mL NMH, AH and AH+3%NMH extracts
according to the pH value, CCK-8 and cell adhesion assay
results, respectively. For NMH experiments, blank medium
served as the control.

Alkaline phosphatase (ALP) staining

ALP is an enzyme associated with the mineralization in
the plasma membrane and is one of the main markers of
osteoblast activity in the cells (33,34). The ALP activity was
qualitatively estimated by ALP staining. The samples were
washed by the PBS solution after culturing for 7 d and fixed
with 4% paraformaldehyde before being stained using the
BCIP/NBT Alkaline Phosphatase Staining Kit (Beyotime,
Shanghai, China).

Real-time polymerase chain reaction (PCR) analysis

After 7 d, the total RNA was extracted to assess osteogenic
marker expression and first-strand complementary DNA
synthesis was performed using a reverse transcription kit
(TaKaRa, Japan). Real-time PCR was performed using
SYBR® Premix Ex TaqTM II (TaKaRa, Japan) in a 7500
real-time PCR system (Applied Biosystems). The mRNA

expression levels of Runt-related transcription factor 2
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(Runx2), alkaline phosphatase (ALP) and Osteocalcin
(OCN) were evaluated. Glyceraldehyde-3-phosphate
dehydrogenase (GAPDH) was used as a reference. The
primer sequences are listed in Table 1. The relative fold
change of gene expression was calculated by the AACt
method.

Flow analysis

According to ISO 6876/2012 standards for the flow test,
a disc shall have a diameter of not less than 17 mm. After
manipulation, a volume of 0.05 mL cement was prepared
and put on a glass plate using a 1-mL insulin syringe. At
180+5 seconds after mixing the sealers, another glass plate
(20 g weight) was carefully and centrally placed on the
sealer. After this, a 100-g weight was placed on this plate
to make a total mass of 120 g on the endodontic sealer for
10 minutes. After the force load ceased, the largest and
smallest diameters of the compressed sealer discs were
measured with the aid of a digital caliper. The maximum
and minimum diameters of each sample were obtained
and evaluated with 3 repeats, and 2 replicates of AH and
AH+3%NMH were used for each experimental sealer,
respectively.

Statistical analysis

Each experiment was performed in triplicate. All data were
expressed as the mean = standard deviation (SD). The
statistical analysis was performed with SPSS 21.0 software
via Student’s t-test and one-way analysis of variance
(ANOVA), followed by the Tukey posttest, where P<0.05
was considered to be significant.

Results
Characterization of NMH and modified AH

The surface morphology of NMH was observed by SEM
(Figure 14). NMH presented homogeneous flower-
like morphology. In the TEM image, the flower-like
structure was composed of many irregular arrangements
of magnesium hydroxide nanoflakes with a thickness of
about 30 nm (Figure 1B). The chemical composition of
the specimen was analyzed by EDS. The results showed
that magnesium is the only metal ion found in the sample
except a trace amount of Au from SEM sputter coating

(Figure 1C). The phase of NMH was evaluated by XRD,
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Figure 1 Characterization of NMH. (A) The SEM image of NMH; (B) TEM image of NMH; (C) the EDS spectra of NMH; (D) X-ray
diffraction pattern of NMH. SEM, scanning electron microscopy; EDS, energy dispersive spectroscopy; TEM, transmission electron

microscope; NMH, nano-magnesium hydroxide.

which was showed in Figure 1D. XRD pattern exhibited the
typical peaks of NMH. The sharp of the diffraction peaks
and low baselines implied that NMH had high crystallinity.
Therefore, we demonstrated that the nanoparticles used in
this study could be recognized as pure NMH.

The SEM images and EDS profiles for the AH
and modified AH samples are shown in Figure 2. EDS
microanalysis of modified AH revealed that magnesium
is evenly distributed on the surface of samples. With the
increase of NMH addition ratio, the magnesium content on
the surface of samples increased gradually. 7able 2 showed
the means and SD for Mg”* release and pH of the pure
and modified AH in physiological saline. The Mg’" release
and the pH values of modified AH groups were gradually
increased, with the increase of NMH addition. The
Mg’ release was higher in the case of modified AH than
with pure AH (P<0.05). As for the pH, modified AH pH
variation ranged from 7.28 to 7.72, which was significantly
higher than that of the control group (P<0.05).

© Annals of Translational Medicine. All rights reserved.

The influence of NMH on the MC3T3-E1

Cell proliferation

The pH values of various samples were measured and
showed in Figure 34. With increasing the concentration of
NMH, the pH value increased from 7.88 to 8.45. The pH
values of NMH groups were significantly higher than that
of the control group (P<0.005).

Cell proliferation of MC3T3-E1 cells at 1, 2 and 3 d was
estimated, respectively, and the corresponding result was
showed in Figure 3B. The proliferation rate of MC3T3-E1
cultured in conditioned medium containing NMH was
tested and compared with blank medium. The results showed
that there was no significant difference between the groups
at 1 d and 2 d, except that 0.5 mg/mL of NMH (P<0.05)
significantly increased cell viability at 2 d. At 3 d, low doses
of NMH (0.1 and 0.5 mg/mL) significantly elevated the
proliferation rate of cells (P<0.005), as evaluated by CCK-8
assay. Furthermore, the proliferation rate of cells treated by
high doses of NMH (2.5 mg/mL) was significantly decreased
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Figure 2 Surface characterization of AH+NMH. (A) The SEM image and the EDS spectra of AH; (B) the SEM image and the EDS spectra
of AH+3%NMH; (C) the SEM image and the EDS spectra of AH+5%NMH; (D) the SEM image and the EDS spectra of AH+7%NMH.
“The blank space” indicates that the element is not detected. Scale bar, 10 pm and 50 pm, respectively. SEM, scanning electron microscopy;
EDS, energy dispersive spectroscopy; AH, AH Plus; NMH, nano-magnesium hydroxide; AH+3%NMH, AH containing 3% NMH;
AH+5%NMH, AH containing 5% NMH; AH+7%NMH, AH containing 7% NMH.

Table 2 The measurements of the magnesium ion release (mg/L)
and the pH for AH and modified AH in physiological saline

AH+3%NMH AH+5%NMH AH+7%NMH

Parameters AH

Mg® (mg/L) - 57+0.7* 13.1x1.7*  25.3:1.06"

pH 7.09+0.03 7.28 +0.02* 7.43+0.05* 7.72+0.04*

The data were expressed as means + SD (n=3/group). *, P<0.05
compared to the AH group. “-” indicated that the element was
not detected. AH, AH Plus; NMH, nano-magnesium hydroxide;
AH+3%NMH, AH containing 3% NMH; AH+5%NMH, AH
containing 5% NMH; AH+7%NMH, AH containing 7% NMH.

(P<0.005). 1.0 mg/mL NMH had a tendency to promote
cell proliferation, but there was no significant difference
compared with the control group. These results indicated
that low doses of (0.1 and 0.5 mg/mL) NMH can promote

© Annals of Translational Medicine. All rights reserved.

the activity of MC3T3-E1 cells. Based on these data, the
0.5 mg/mL concentration of NMH was used in the following
experiments.

Osteogenic differentiation in vitro

To investigate the effect of NMH on early osteogenic
differentiation of MC3T3-E1, ALP staining was performed.
It was found that ALP activity of MC3T3-E1 cells in NMH
group was higher than that in a-MEM group at 7 d (Figure 3C).
To investigate the effect of NMH on the osteogenic
differentiation, the expressions of osteogenic markers
including Runx2, ALP and OCN were measured (Figure 3D).
The mRNA expression levels of Runx2, ALP and OCN in
the NMH groups (P<0.05) in 7 d were significantly increased
compared with those in the control groups when assessed by
real-time PCR.
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Figure 3 The results of pH and the influence on cell behavior of NMH. (A) The results of pH measurements of different conditioned
media; (B) the cell proliferation rate of MC3T3-El in different conditioned media in vitro after 1, 2 and 3 d by CCK-8 assay; (C,D) in vitro
osteogenic differentiation of MC3T3-E1 treated with NMH (0.5 mg/mL) after 7 d. BCIP/NBT ALP Staining showed that NMH increased
the ALP activity compared with the control group. Scale bar, 10 mm. Real-time PCR analysis showed that NMH improved the mRNA

expression levels of Runx2, ALP and OCN of MC3T3-Elcompared with the control group. The data were expressed as means = SD. *,

P<0.05; ***, P<0.005 compared to the AH group. NMH, nano-magnesium hydroxide; Real-time PCR, Real-time polymerase chain reaction;

Runx2, Runt-related transcription factor 2; ALP, alkaline phosphatase; OCN, Osteocalcin.

The influence of modified AH on the MC3T3-E1

Cell morphology and adhesion

SEM images in Figure 4 showed the morphology and
adhesion of cells cultured on AH and the modified AH
samples for 3 d. As shown in the lower-magnification
images, the cells distributed evenly and well spread on AH
and the AH+3%NMH samples. The higher-magnification
images disclosed that the cells on these samples (especially
the AH+3%NMH group) were full-bodied and polygonal
osteoblastic shape, with more extensive cytoplasmic
extensions and abundant pronounced finger-like protrusions
and filopodia, compared with AH+5%, 7% NMH and
negative control group. The morphology of cells on the
AH+5% and 7%NMH samples obviously changed, and the
cells were round shape and had little finger-like protrusions
and filopodia, which seemed weakly attached to the material

© Annals of Translational Medicine. All rights reserved.

surface. These might be considered as morphologic markers
of cytotoxicity. Cell adhesion experiments indicated that
AH+5% and 7%NMH had negative effects on cell status.

Cell proliferation

The pH values of various samples were measured and
showed in Figure SA. In addition, the pH values of modified
AH had an increased tendency with the increase of NMH
addition ratio (7.59-8.38). The pH values recorded for
modified AH groups were significantly higher than those in
AH groups (P<0.005).

The proliferation rate of cells cultured in a modified
AH conditioned medium was tested and compared with
pure AH (Figure 5B). The cells in AH+3%NMH groups
had the highest viability after 3 d of culture (P<0.005).
Compared to AH group, AH+5% and 7%NMH samples
didn’t improve cell proliferation (AH+7%NMH, P<0.005).

Ann Transl Med 2020;8(6):313 | http://dx.doi.org/10.21037/atm.2020.02.133



Page 8 of 13

Figure 4 The influence on cell adhesion for AH+NMH. SEM
images of cell morphology and adhesion after MC3T3-E1 cells
seeding on AH (A), AH+3%NMH (B), AH+5%NMH (C),
AH+7%NMH (D) and pure Ti (E) samples for 3 days. SEM,
scanning electron microscopy; AH, AH Plus; NMH, nano-
magnesium hydroxide; AH+3%NMH, AH containing 3% NMH;
AH+5%NMH, AH containing 5% NMH; AH+7%NMH, AH
containing 7% NMH. Scale bar (left) =20 pm; (right) =4 pm.

These results collectively indicate collectively indicated that
AH+3%NMH had great potential to improve the viability
and spreading, adhesion of MC3T3-E1 cells, which were
coherent with the scanning electron microscopic findings.

Based on these data, AH+3%NMH were used for the

following experiments.

© Annals of Translational Medicine. All rights reserved.
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Osteogenic differentiation in vitro

ALP staining was used to investigate the effect of modified
AH on early osteogenic differentiation of MC3T3-E1.
Compared to AH group, AH+3%NMH samples were
proved to significantly improve ALP activity (Figure 5C).
The results confirmed that the AH+3%NMH could
trigger an upregulation of ALP to stimulate early cell
differentiation.

The expression of osteogenic genes including Runx2, ALP
and OCN, was measured to investigate the effect of AH and
AH+3%NMH on osteogenic differentiation (Figure 5D).
Moreover, the mRINA expression levels of Runx2 and ALP
in the AH+3%NMH groups (P<0.005) were confirmed to
have a significantly increase compared with those in the
AH groups by real-time PCR, but there was no statistical
difference for the expression of OCN. These results revealed
that AH+3%MH could improve osteogenic differentiation.

Flow analysis

The results of flow were summarized in Table 3. According
to the results of flow test, there was a statistical difference in
the flow of AH and AH modified with 3% NMH (P<0.05).
Though the flow of AH+3%NMH was slightly lower
than AH, both of the sealers met the specification of ISO
6876:2012 that the flow rate should not be less than 17 mm.

Discussion

After root canal treatment on periapical lesions, achieving
bone tissue regeneration is a symbol of a successful
treatment. Therefore, the bioactivity potential of root canal
sealer is important. To describe the beneficial effect of
material, bioactivity is always used as an expression (35). To
date, AH is widely used in clinical practice due to its excellent
physicochemical properties. Interestingly, some studies have
shown AH did not present any bioactivity potential (9,10).
Adding other components to the sealers can adjust their
bioactivity to overcome such shortcomings. Clinically, fresh,
unset sealers are introduced into root canals, which may
release some chemical constituents into periapical tissues
and even be squeezed through the apical foramen or lateral
canals (8,36,37). The cytotoxicity of sealers may lead to cell
degeneration and delayed wound healing due to contact
with periapical tissue (6,38-40). Therefore, it is of great
significance to study the biocompatibility and bioactivity
of added components and the newly developed sealers.
In this study, NMH can promote the proliferation and
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Figure 5 The results of pH and the influence on cell behavior of AH+NMH. (A) The results of pH measurements of different conditioned
media; (B) the cell proliferation rate of MC3T3-El in different conditioned media iz vitro after 1, 2 and 3 d by CCK-8 assay; (C,D) in

vitro osteogenic differentiation of MC3T3-E1 treated with AH+NMH (0%,

3%NMH) after 7 d. BCIP/NBT ALP Staining showed that

AH+3%NMH increased the ALP activity compared with AH groups. Scale bar, 10 mm. Real-time PCR analysis showed that AH+3%NMH
improved the mRNA expression levels of Runx2, ALP and OCN of MC3T3-El compared with AH groups. The data were expressed as
means = SD. ***, P<0.005 compared to the AH group. AH, AH Plus; NMH, nano-magnesium hydroxide; AH+3 % NMH, AH containing 3%
NMH; AH+5%NMH, AH containing 5% NMH; AH+7%NMH, AH containing 7% NMH; Real-time PCR, Real-time polymerase chain
reaction; Runx2, Runt-related transcription factor 2; ALP, alkaline phosphatase; OCN, Osteocalcin.

Table 3 Measurements of flow (mm) for AH and AH + 3% NMH

Materials Flow (mm)
AH 21.60+0.11
AH+3%NMH 17.89+0.09*

The data were expressed as means + SD (n=3/group). *,
P<0.05 compared to the AH group. AH, AH Plus; NMH, nano-
magnesium hydroxide; AH+3%NMH, AH containing 3% NMH.

differentiation of osteoblasts. Hence, these findings suggest
that NMH has an effective biological activity and may have
a positive effect on periapical disease.

In this study, the proliferation rate of MC3T3-E1 cells
in different conditioned medium was different. Conditioned

medium containing NMH in an appropriate range can

© Annals of Translational Medicine. All rights reserved.

promote cell proliferation. In the NMH group, except for
the concentration of 2.5 mg/mL, the other concentrations
promote cell proliferation compared with a-MEM only.
This is consistent with the results of Janning ez a/. (20) who
observed that MH can temporarily enhance osteoblast
activity. For the AH+NMH groups, the proliferation
rate of MC3T3-E1 cells treated with AH+3%NMH was
better than that in the AH. The cytotoxicity could be
evaluated by the morphological characterization of cells
under SEM. In this study, cells spreading on the surface
of AH and AH+3%NMH were more flattened and
confluent compared with those on AH+5% and 7%NMH.
These findings are consistent with the results of cell
proliferation. This could be due to the release of Mg®*
and the increase of pH value from the sample surface. In

general, the modified AH (AH+3%NMH) sealers showed
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higher cell proliferation than AH. The composition of
root canal materials has an important influence on their
biocompatibility. These results indicate that the effect
of magnesium on cells is dose-dependent. Over-dose of
magnesium can induce cytotoxicity while a small dose has
a positive effect on cells, which was consistent with Lu
et al’s study (18). Magnesium is important in key rate-
limiting steps that control the cell cycle, particularly at
the beginning of DNA synthesis and mitosis (18,41).
Excessive concentration of Mg”* blocks DNA synthesis and
cell cycle processes (18). On the other hand, for samples,
along with reactions [Mg(OH),—»Mg**+20H], the OH"
accumulated to increase the local alkalinity. The alkaline
medium could promote the proliferation of MC3T3-El
cells when pH<9.0 (19). Our results are consistent with
them. Because of the critical role of osteoblasts and stem
cells in periapical lesions, their viability is key to success. In
chronic periapical disease, the hard tissue deposition and
the bone healing process are coordinated with osteoblasts
differentiation. Faster cell differentiation may result in
faster bone maturation (42). The ideal root canal sealer not
only has good biocompatibility but also improves osteogenic
differentiation and good fluidity. On the one hand, higher
cell proliferation results in more cell colonization on the
bone defect area probably leading to more mineralized
tissue deposition. On the other hand, faster cell
differentiation may result in faster bone maturation leading
to rapid healing of the periapical disease. In the present
study, 0.5 mg/mL. NMH and AH+3%NMH improved
the proliferation of MC3T3-E1 cells. Thus 0.5 mg/mL
NMH and AH+3%NMH were selected, respectively for
the osteogenic differentiation assay, according to the pH
value, CCK-8 and cell adhesion assay results. It has been
demonstrated that pH affects osteoblast mineralization, in
studies, alkaline environments enhanced osteoblast activity
and decreased osteoclast activity (20,43). Moreover, the
alkaline pH would lead to a neutralization of the acidic
metabolites (15). In the present study, we selected the
ideal concentration that promoted cell proliferation and
enhanced osteogenic differentiation.

ALP is an external enzyme of osteoblasts (44,45). By
hydrolyzing phosphate ester, sufficient phosphate can be
provided for mineralization and new bone formation can
be promoted (44,46). Thus, its activity is usually used
as a distinct indicator of osteoblast differentiation. In
the present study, the NMH-doped samples, can highly
promote the activity of ALP, indicating that Mg®" and
OH’ may trigger the up-regulation of ALP. After 7 d of

© Annals of Translational Medicine. All rights reserved.
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incubation, NMH significantly enhanced the differentiation
of MC3T3-El cells in terms of higher mRINA expression
of Runx2, ALP and OCN. Runx2 is a crucial transcription
factor for osteoblast differentiation (47). OCN, an
extracellular matrix protein, is secreted by osteoblasts and
expressed highly during bone formation (48). The up-
regulation of these gene expressions indicates that NMH
can promote osteoblast differentiation. In conclusion, these
results suggest that NMH-modified AH has a positive
effect on ALP activity and the level of mRNA expression
in osteoblasts. The mechanism of NMH was directly
attributed to its ability to decompose into magnesium and
hydroxyl ions. The results showed that the addition of
NMH in AH promoted the release of Mg’ and the increase
of pH value. It has been shown that it is possible that the
upregulation of Akt phosphorylation by Mg®* leads to cell
adhesion, cell viability, ALP activity, extracellular matrix
mineralization and enhanced expression of osteogenic
related genes (24). In addition, OH" stimulate the release
of bone morphogenetic protein 2 and alkaline phosphatase,
which are involved in the mineralization process (49,50).
Our hypothesis is that the ions released from the modified
AH surface will increase the extracellular ion concentration
in the medium, thereby changing the intracellular ion
concentration of the cells and thus activating the key
intracellular signal transduction related to osteogenic
differentiation. Therefore, placing a formulation of AH
with NMH, which can sustain high alkaline pH in the
periapical area to facilitate bone regeneration. The modified
AH cements’ bioactivity has favorable clinical implications.
It may improve the sealing ability by the deposition of
calcium phosphate compounds at the interface. As root
canal sealer materials, their sealing is improved with time.
The combination of AH and NMH can adequately
match with the biological activity requirements in chronic
periapical periodontitis. However, ideal root canal sealers
also have excellent physical properties such as flow. Flow has
been reported to play an important role in filling sealers, in
that it allows the sealer to penetrate ramifications, irregular
and isthmic of root canal system (51,52). Flow test results
showed that the AH flow value (21.60 mm) found in this
study was higher than the minimum ISO requirement
(17 mm). The reported values were lower than the values
reported by Mendes e al. (53) and were also higher than
Vertuan e al. (52). When long-term apical periodontitis
causes permanent changes in apical anatomy, the sealer
is easily squeezed out of the canal, which could injure the
periapical tissues (54,55). In the present study the flow values
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were 17.89 mm when 3%NMH was added to the sealer.
But these values are still higher than the smallest value
recommended by ISO. Obviously, a 3% ratio of NMH could

help prevent extrusion in larger root canals with wider holes.

Conclusions

In conclusion, NMH has favourable biocompatibility
and bioactivity in MC3T3-E1 cells. Compared with AH,
modified AH has sufficient biocompatibility and bioactivity,
which can be used in clinical applications. For clinicians, it
represents a lower-cost bioactive material as a convenient
alternative to the traditional AH-like cement. This study
assessed the osteogenic differentiation potential with
AH+3%NMH in vitro. Future research should focus on
assessing its physicochemical properties, and the biological
activities of AH+3%NMH to promote bone formation
in vivo and related mechanisms.
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