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Abstract: Metallothioneins (MTs) are intracellular cysteine-rich proteins, and their expressions are
enhanced under stress conditions. MTs are recognized as having the ability to regulate redox
balance in living organisms; however, their role in regulating osteoblast differentiation is still unclear.
In this research, we found that the expression of MT3, one member of the MT protein family,
was specifically upregulated in the differentiation process of C2C12 myoblasts treated with bone
morphogenetic protein 4 (BMP4). Transfection with MT3-overexpressing plasmids in C2C12 cells
enhanced their differentiation to osteoblasts, together with upregulating the protein expression of
bone specific transcription factors runt-related gene 2 (Runx2), Osterix, and distal-less homeobox
5 (Dlx5). Additionally, MT3 knockdown performed the opposite. Further studies revealed that
overexpression of MT3 decreased reactive oxygen species (ROS) production in C2C12 cells treated
with BMP4, and MT3 silencing enhanced ROS production. Treating C2C12 cells with antioxidant
N-acetylcysteine also promoted osteoblast differentiation, and upregulated Runx2/Osterix/Dlx5,
while ROS generator antimycin A treatment performed the opposite. Finally, antimycin A treatment
inhibited osteoblast differentiation and Runx2/Osterix/Dlx5 expression in MT3-overexpressing
C2C12 cells. These findings identify the role of MT3 in osteoblast differentiation and indicate that
MT3 may have interesting potential in the field of osteogenesis research.

Keywords: metallothinnein 3; osteoblast differentiation; oxidative stress; runt-related gene 2; osterix;
distal-less homeobox 5

1. Introduction

Osteoblast differentiation is a process involved in bone tissue self-renewal throughout
the period of a whole lifetime, and its dysfunction leads to skeletal disorders such as
osteoporosis [1], a disease caused by systemic bone mass reduction [2]. Mesenchymal
stem cells and skeletal muscle cells play important roles in bone homeostasis maintenance,
as they can differentiate into osteoblastic-like cells and thus affect bone remodeling [3,4].
During this process, several signaling pathways such as bone morphogenetic protein (BMP),
Wnt, Notch, and Hedgehog all contribute greatly to the differentiation of osteoblasts [5]. In
the current treatment of bone mass loss related diseases, bone forming drugs and anti-bone
resorptive drug are widely used; however, these drugs show serious side effects after
long term clinical use [6]. Therefore, effective therapeutic strategies targeting osteoblast
differentiation with fewer side effects will contribute greatly to the control of osteogenesis-
related disorders.

The metallothionein (MT) protein family consists of four main isoforms (MT1–MT4),
all of which are low molecular weight, cysteine-rich, metal-binding proteins that perform a
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variety of functions in the control of body homeostasis [7]. MTs are traditionally considered
to be intracellular proteins which are expressed in various kinds of cells and tissues.
They play essential roles in heavy metal detoxification, cellular redox balance regulation,
immunomodulation, and cell proliferation [7,8]. In the field of osteogenesis, MT has been
shown to have the ability to protect against hydrogen peroxide-induced inhibition of
osteoblast differentiation in mouse bone marrow stromal cells, and a zinc diet (which
will lead to endogenous MT induction) or supplementation can also influence osteoblast
differentiation, as well as postnatal bone growth [9,10]. These studies indicate the potential
of the MT protein family for osteoblast differentiation; however, the role and detailed
mechanisms of the specific isoforms of MT in osteoblast differentiation are still unclear.
Interestingly, in some clinical-related studies, researchers have defined that osteoblast gene
expression is crucial to areas reconstructed or treated with biomaterials [11–14], or in areas
treated with sinus lifting [15–17]. As intracellular proteins, MTs can also be considered as
potential targets in these fields, which makes it meaningful to identify the role of specific
isoforms of MT in regulating osteoblast differentiation.

In the regulation of osteoblast differentiation, several transcription factors such as
runt-related gene 2 (Runx2), Osterix, and distal-less homeobox 5 (Dlx5) are essential to
mediate the expression of osteoblast related genes such as type I collagen, bone sialopro-
tein, and Osteopontin [18]. Runx2 is the first described transcription factor to regulate
osteoblast differentiation, and the knockout of Runx2 in mice has led to osteoblast loss
and bone dysplasia [19]. Osterix is considered to be the downstream target of Runx2, and
it also acts as a zinc finger-containing transcription factor, which plays important roles
in osteoblast differentiation [20]. For Dlx5, a transcription factor which is expressed in
the early stages of bone synthesis [18], its expression supposedly has a close relationship
with osteoblast differentiation and bone cell phenotype maturation [21]. All of these three
factors work together to influence the process of osteogenesis, and their activities are also
intricately connected [22].

Oxidative stress is defined as an imbalance between reactive oxygen species (ROS)
production and antioxidant defenses in living cells and organs, which is closely related with
different kinds of tissue injury [23]. The overproduction of ROS may also influence cellular
functions in different pathological conditions, including osteoporosis [24]. In vascular
smooth muscle cells, oxidative stress enhances osteoblastic differentiation, while in bone
marrow stromal cells, hydrogen peroxide treatment decreases the expression of differentia-
tion markers of bone osteoblastic cells [25]. Several studies have also shown that elevated
levels of ROS could inhibit osteoblast differentiation in both MC3T3-E1 cells (an osteogenic
cell line derived from newborn mouse calvaria) and primary osteoblasts [26,27]. Inter-
estingly, MTs have also been recognized to be powerful antioxidative factors [28], which
suggests that MTs are closely related to osteogenesis. However, the relationship between
intracellular MT and osteoblast differentiation has never been realized in previous studies.

In this study, we first analyzed the expression of different isoforms of MT in mouse
myoblast C2C12 cells treated with or without BMP4, and found MT3 was specifically upreg-
ulated during the differentiation process. Further experiments using MT3-overexpressing
plasmids and MT3-interfering RNAs showed that MT3 could upregulate Runx2/Osterix/Dlx5
expression and promote osteoblast differentiation in C2C12 cells, and this capacity of MT3
was largely dependent on its ability to scavenge ROS. Our study indicates the potential
of MT3 for osteoblast differentiation, and suggests that MT3 can be used as an interesting
target in the research field of osteogenesis.

2. Results
2.1. MT3 Is Significantly Upregulated in BMP4 Treated C2C12 Cells

The MT protein family consists of four main isoforms; among them, MT4 is considered
to be specifically expressed in the epithelial tissue [29]. Therefore, in order to test the
correlation between MTs and osteoblast differentiation, we first used quantitative real-time
PCR to analyze the expression levels of MT1, MT2, and MT3 in C2C12 cells treated with
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or without BMP4. As shown in Figure 1A, we found that only MT3 was significantly
upregulated after BMP4 treatment for 72 h in C2C12 cells. To further confirm this result,
we used western blotting to analyze the protein expression levels of MT1, MT2 and
MT3 in our model. The results showed that only MT3 had increased, along with the
upregulation of Alkaline phosphatase (ALP), a specific marker of osteoblast differentiation,
while MT1 and MT2 did not show any significant change during this process (Figure 1B).
Together, these results confirmed that intracellular MT3 was specifically upregulated during
osteoblast differentiation.
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Figure 1. MT3 is significantly upregulated in BMP4 treated C2C12 cells. (A) The mRNA levels of MT1, MT2, and MT3 in
C2C12 cells treated with recombinant BMP4 for 0, 24, 48, and 72 h; (B) Protein expression levels and quantitative analysis of
MT1, MT2, MT3, and ALP in C2C12 cells treated with recombinant BMP4 for 0, 24, 48, and 72 h (GAPDH was served as the
loading control). All data are presented as mean ± SEM, # p < 0.05.

2.2. MT3 Overexpression Promotes BMP4-Induced Osteoblast Differentiation in C2C12 Cells

To identify the role of MT3 in osteoblast differentiation, we first used plasmid transfec-
tion to achieve MT3 overexpression in C2C12 cells. After successful transfection (Supple-
mentary Figure S1A,B), ALP staining showed that MT3 overexpression promoted osteoblast
differentiation induced by BMP4 (Figure 2A), which means that MT3 may play a positive
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role in this process. As Runx2, Osterix, and Dlx5 are important markers and regulators of
osteoblast differentiation, we also used western blotting to analyze their protein expression
levels in our model, and the results showed that MT3 overexpression enhanced the expres-
sion of Runx2/Osterix/Dlx5 during osteoblast differentiation (Figure 2B). Interestingly, we
found BMP4-induced upregulation of phosphorylated Smad1/5 was not changed upon
MT3 overexpression (Figure 2B), indicating that MT3 did not directly affect BMP signaling
in our model.
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Figure 2. MT3 overexpression promotes BMP4-induced osteoblast differentiation in C2C12 cells. (A) ALP staining and
quantitative analysis of ALP activity in control or MT3-overexpressing C2C12 cells treated with or without recombinant
BMP4 for 72 h. (B) Protein expression levels and quantitative analysis of Runx2, Osterix, Dlx5, and p-Smad1/5 in control or
MT3-overexpressing C2C12 cells treated with or without recombinant BMP4 for 72 h (GAPDH was served as the loading
control). All data are presented as mean ± SEM, # p < 0.05.



Int. J. Mol. Sci. 2021, 22, 4312 5 of 16

2.3. MT3 Knockdown Inhibited BMP4-Induced Osteoblast Differentiation in C2C12 Cells

To further confirm that intracellular MT3 can regulate the process of osteoblast dif-
ferentiation, we used small interfering RNAs to achieve MT3 knockdown in C2C12 cells
(Supplementary Figure S1A,B), and ALP staining showed that BMP4-induced osteoblast
differentiation was inhibited in those cells (Figure 3A). Furthermore, compared to control
cells treated with BMP4, the protein expression levels of Runx2, Osterix, and Dlx5 were
also downregulated in MT3 knockdown C2C12 cells (Figure 3B), which means that intracel-
lular MT3 is an important regulator of osteoblast differentiation. Similarly, BMP4-induced
upregulation of p-Smad1/5 was not changed upon MT3 knockdown (Figure 3B). Together,
these results concluded that MT3 promoted osteoblast differentiation and upregulated
Runx2/Osterix/Dlx5 expression during this process.
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Figure 3. MT3 knockdown inhibited BMP4-induced osteoblast differentiation in C2C12 cells. (A) ALP staining and
quantitative analysis of ALP activity in control or MT3 knockdown C2C12 cells treated with or without recombinant BMP4
for 72 h. (B) Protein expression levels and quantitative analysis of Runx2, Osterix, and Dlx5 in control or MT3 knockdown
C2C12 cells treated with or without recombinant BMP4 for 72 h (GAPDH was served as the loading control). All data are
presented as mean ± SEM, # p < 0.05.
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2.4. MT3 Indirectly Regulates Runx2/Osterix/Dlx5 Activation during Osteoblast Differentiation

During the process of osteoblast differentiation, Runx2, Osterix, and Dlx5 are impor-
tant transcription factors which regulate the expression of osteoblastic-related genes [11],
and multiple upstream factors can also influence the expression and activation of
Runx2/Osterix/Dlx5 [30,31]. To further analyze the relationship between MT3 and
Runx2/Osterix/Dlx5, we first used a luciferase reporter assay to test the transcriptional
activities of Runx2, Osterix, and Dlx5 in 293T cells transfected with or without MT3-
overexpressing plasmids. We found that MT3 overexpression had no effects on the indi-
cated reporter activities (Figure 4A). However, in C2C12 cells treated with BMP4, MT3
overexpression significantly upregulated the luciferase reporter activities of Runx2, Osterix,
and Dlx5 (Figure 4B). Moreover, MT3 knockdown in 293T cells also had no effects on the
transcriptional activities of Runx2/Osterix/Dlx5 as indicated by the luciferase reporter
assays (Figure 4C), but in C2C12 cells treated with BMP4, MT3 knockdown significantly
inhibited the upregulation of Runx2, Osterix, and Dlx5 reporter activities (Figure 4D). To-
gether, these results suggested that MT3 indirectly upregulated the transcriptional activities
of Runx2, Osterix, and Dlx5 during osteoblast differentiation.

2.5. MT3 Reduces Oxidative Stress in BMP4 Treated C2C12 Cells

Given that MT3 could upregulate the protein expression of Runx2, Osterix, and Dlx5
during osteoblast differentiation, but indirectly regulated their transcriptional activities,
we sought to determine how MT3 directly influences osteoblast differentiation in C2C12
cells. As the MT protein family is commonly considered to have powerful antioxidant
capacities [28], and oxidative stress also highly influences osteoblast differentiation [24], we
considered whether MT3 could regulate ROS generation in our model. To test this hypoth-
esis, we used 2′,7′-dichlorofluorescin diacetate (DCFH-DA) staining and Dihydroethidium
(DHE) staining to measure the ROS levels in MT3-overexpressing and MT3-silencing C2C12
cells. The results showed that BMP4 treatment highly induced ROS production, while MT3
overexpression inhibited the generation of ROS, and MT3 knockdown accelerated ROS
production (Figure 5A–D), which indicated that MT3 played a positive role in reducing
oxidative stress during BMP4-induced osteoblast differentiation.

2.6. Oxidative Stress Regulates BMP4-Induced Osteoblast Differentiation and Affects the Reporter
Activities of Runx2/Osterix/Dlx5 in MT3-Overexpressing/Silencing C2C12 Cells

To fully understand the role and mechanisms of MT3 in osteoblast differentiation,
and to determine that ROS overproduction inhibits osteoblast differentiation in our model,
we utilized the following experiments. Firstly, we added N-acetylcysteine (NAC), a well-
known antioxidant, to the culture medium of C2C12 cells, and found that BMP4-induced
ROS generation was significantly inhibited (Supplementary Figure S2A,B). In the mean-
time, BMP4-induced osteoblast differentiation was also enhanced upon NAC treatment, as
indicated by ALP staining (Supplementary Figure S2C), as well as the protein expression
of Runx2, Osterix, and Dlx5 (Supplementary Figure S2D). We then treated C2C12 cells
with antimycin A, an ROS generator, and found that the overproduction of ROS (Sup-
plementary Figure S3A,B) inhibited osteoblast differentiation in our model, as indicated
by ALP staining and measurement of Runx2/Osterix/Dlx5 expression (Supplementary
Figure S3C,D). These results showed that oxidative stress played a negative role in the
process of osteoblast differentiation in our model.
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Figure 4. MT3 indirectly regulates Runx2/Osterix/Dlx5 activation during osteoblast differentiation. (A) Luciferase reporter
activities of Runx2, Osterix, and Dlx5 in control or MT3-overexpressing 293T cells. (B) Luciferase reporter activities of
Runx2, Osterix, and Dlx5 in control or MT3-overexpressing C2C12 cells treated with or without recombinant BMP4 for 72 h.
(C) Luciferase reporter activities of Runx2, Osterix, and Dlx5 in control or MT3 knockdown 293T cells. (D) Luciferase reporter
activities of Runx2, Osterix, and Dlx5 in control or MT3 knockdown C2C12 cells treated with or without recombinant BMP4
for 72 h. All data are presented as mean ± SEM, # p < 0.05.
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Figure 5. MT3 reduces oxidative stress in BMP4 treated C2C12 cells. (A) DCFH-DA staining and quantitative analysis
of ROS production in control or MT3-overexpressing C2C12 cells treated with or without recombinant BMP4 for 72 h
(magnification = 100×). Green color represents the fluorescence intensity of DCFH-DA staining. (B) DCFH-DA staining and
quantitative analysis of ROS production in control or MT3 knockdown C2C12 cells treated with or without recombinant
BMP4 for 72 h (magnification = 100×). (C) Quantitative analysis of DHE fluorescence in control or MT3-overexpressing
C2C12 cells treated with or without recombinant BMP4 for 72 h. (D) Quantitative analysis of DHE fluorescence in control or
MT3 knockdown C2C12 cells treated with or without recombinant BMP4 for 72 h. All data are presented as mean ± SEM,
# p < 0.05.

We then used luciferase reporter assays to test the effect of NAC on the transcriptional
activities of Runx2/Osterix/Dlx5 in MT3-silencing C2C12 cells, and the results indicated
that NAC treatment restored the inhibitory effects of the knockdown of MT3 on the
transcriptional activities of Runx2, Osterix, and Dlx5 (Figure 6A). Similarly, antimycin
A treatment suppressed the effects of the overexpression of MT3 on the transcriptional
activity of Runx2, Osterix, and Dlx5 (Figure 6B). These results indicated that the ability
of MT3 to regulate the reporter activities of Runx2/Osterix/Dlx5 was dependent on its
function to reduce oxidative stress.
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Figure 6. Oxidative stress affects the reporter activities of Runx2/Osterix/Dlx5 in MT3-overexpressing/silencing C2C12
cells. (A) Luciferase reporter activities of Runx2, Osterix, and Dlx5 in control or MT3-overexpressing C2C12 cells treated
with or without recombinant BMP4 for 72 h in the absence or presence of NAC (10 mM). (B) Luciferase reporter activities of
Runx2, Osterix, and Dlx5 in control or MT3 knockdown C2C12 cells treated with recombinant BMP4 for 72 h in the absence
or presence of antimycin A (0.5 µM). All data are presented as mean ± SEM, # p < 0.05.

2.7. ROS Production Impedes BMP4-Induced Osteoblast Differentiation in MT3-Overexpressing
C2C12 Cells

Considering the above results, we hypothesized that MT3 regulated ROS production
and thus affected osteoblast differentiation in our model. To verify this hypothesis, we
treated MT3-overexpressing C2C12 cells with or without antimycin A. The results indi-
cated that antimycin A treatment induced overproduction of ROS in the presence of MT3
overexpression (Figure 7A,B), which also significantly inhibited the enhanced osteoblast
differentiation mediated by MT3 overexpression (Figure 7C), as well as decreased the
protein expression of Runx2, Osterix, and Dlx5 (Figure 7D). These results showed that the
generation of ROS could impede the effects of MT3 to promote osteoblast differentiation,
which suggested that the function of MT3 to regulate osteoblast differentiation in our
model was largely dependent on its ability to reduce oxidative stress.
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pressing C2C12 cells treated with or without recombinant BMP4 for 72 h (magnification = 100×). (B) Quantitative analysis 
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Figure 7. ROS production impedes BMP4-induced osteoblast differentiation in MT3-overexpressing C2C12 cells. (A) DCFH-
DA staining and quantitative analysis of ROS production in saline- or antimycin A (0.5 µM)-handled MT3-overexpressing
C2C12 cells treated with or without recombinant BMP4 for 72 h (magnification = 100×). (B) Quantitative analysis of
DHE fluorescence in saline- or antimycin A (0.5 µM)-handled MT3-overexpressing C2C12 cells treated with or without
recombinant BMP4 for 72 h. (C) ALP staining and quantitative analysis of ALP activity in saline- or antimycin A (0.5 µM)-
handled MT3-overexpressing C2C12 cells treated with or without recombinant BMP4 for 72 h. (D) Protein expression levels
and quantitative analysis of Runx2, Osterix, and Dlx5 in saline- or antimycin A (0.5 µM)-handled MT3-overexpressing
C2C12 cells treated with or without recombinant BMP4 for 72 h. All data are presented as mean ± SEM, # p < 0.05.
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3. Discussion

In this present study, we show that intracellular MT3 is significantly upregulated in
the process of osteoblast differentiation. As a member of the MT protein family, MT3 is
commonly considered to be expressed in the nervous system [32,33]. It has been shown to
have growth inhibitory effect in the brain [34], with powerful antioxidant capacities [35].
Our study suggests that MT3 is a novel factor to enhance osteoblast differentiation; MT3
regulates ROS production in this process, and promotes the protein expression of Runx2,
Osterix, and Dlx5 in C2C12 cells treated with BMP4. Moreover, we also showed that the
function of MT3 to regulate osteoblast differentiation is largely dependent on its capacity
to reduce oxidative stress. In agreement with our study, zinc supplementation, which will
induce intracellular MT expression, has also been proven to have the ability to promote
osteoblast differentiation [10,36].

Many possible interactions between oxidative stress and osteoblast differentiation
have been identified [37,38]. Our data identifies that the process of BMP4-induced os-
teoblast differentiation is associated with massive ROS production, which clearly indicates
a state of oxidative stress. By using the antioxidant NAC and the ROS generator antimycin
A, we show that oxidative stress plays a negative role in the regulation of osteoblast
differentiation in our model, which means that antioxidant therapy may act as a useful
strategy in future clinical studies. Interestingly, MT3 has been shown to have powerful
ROS eliminating abilities in our study, which indicates its potential for future translational
medicine studies in the field of osteogenesis research. More importantly, by using MT3
knockdown experiments, we also showed that intracellular MT3 expression is important
for maintaining the ability of osteoblast differentiation in C2C12 cells, which means MT3
may serve as an internal regulator in bone homeostasis maintenance. On the other hand, a
previous report has also indicated that the generation of ROS could promote BMP2-induced
osteoblast differentiation in 2T3 pre-osteoblasts [39], which exerts an opposite result to our
model. Although this report studies osteoblast differentiation in different models using
different methods, it still reminds us that the effect of MT3 may be complicated in diverse
tissues or cells.

Runx2, Osterix, and Dlx5 are essential transcription factors to mediate the process
of osteoblast differentiation [18,40], and they are also key factors induced by BMP signal-
ing [41]. The transcriptional targets of the three factors are all crucial proteins for osteoblast
differentiation and associated bone development [42]. In our study, BMP4 induced os-
teoblast differentiation is associated with the upregulation of Runx2, Osterix, and Dlx5 in
C2C12 cell, and MT3 overexpression or knockdown also significantly influences the expres-
sion of these factors during the differentiation process. It should be noted that our data
indicate MT3 cannot directly regulate the transcriptional activity of Runx2/Osterix/Dlx5,
which indicates that MT3 controls osteoblast differentiation (largely by regulating ROS
production) and thus influences the expression of Runx2, Osterix, and Dlx5.

Osteoblast differentiation is also associated with the development of oral diseases; for
example, bone regeneration highly influences the progression of periodontal disease [43],
and the ability to promote osteoblast differentiation is necessary for the design of dental
implants [44]. In infection conditions, some studies have suggested that diminished rates
of bacterial colonization will significantly improve the success and survival of implant-
prosthetic rehabilitations in immunocompromised patients [45–47] and also in endodon-
tics [48]. It may also avoid facial peri mandibular abscesses [49]. As an intracellular factor
which regulates the differentiation of osteoblastic cells, it will be interesting for future
studies to analyze the role of MT3 on osteoblasts in infection conditions, which could
further identify the potential clinical advantages of MT3.

Another interesting result is that our study showed BMP4 treatment induced the
upregulation of MT3 in C2C12 cells, but not MT1 or MT2. Considering that previous
studies have suggested that zinc finger transcription factor Sp1 increases the promoter
activity of MT3 [28,50,51], and Osterix (Sp7) can act at the canonical Sp1 DNA-binding
sites to regulate gene transcription [52], together with the result that BMP4 treatment can
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upregulate Osterix expression, it can be supposed that the increased expression of MT3
may act as a direct effect of BMP signaling in our model.

It should be noted that beyond the capacity of reducing oxidative stress, MT protein
family members have long been considered to be transition metal-binding proteins that
can significantly affect metal homeostasis in living organisms [53]. Although the ability of
MT3 to regulate ROS production is closely associated with its metal-binding affinity [35],
indicating experiments about the relationship between MT3 and metal homeostasis in the
differentiation process of osteoblasts should be performed in future studies. In addition,
as MT1 and MT2 can also affect ROS levels in different organs and tissues [54], it will be
interesting to analyze whether exogenous MT1 or MT2 has the ability to promote osteoblast
differentiation in skeletal muscle cells or mesenchymal stromal cells. Furthermore, in vivo
studies of MT3 in the regulation of osteoblast differentiation will be needed to further
validate the potential of MT3 to protect against bone-related disorders such as osteoporosis.
It is also worth noting that in this study we did not use a large number of samples in
each experiment; this clearly does not blunt the statistical significance of differences and
reaching conclusions, but shall be considered as a limitation of our research.

In summary, our data demonstrate the promotive effects of intracellular MT3 in osteoblast
differentiation. MT3 acts as a powerful antioxidant and reduces oxidative stress in the process
of osteoblast differentiation. MT3 regulates the expression of Runx2/Osterix/Dlx5, and its
ability to promote osteoblast differentiation was achieved largely by reducing oxidative
stress. Our findings demonstrate the positive role of MT3 in the field of osteogenesis, and
show some of the potential MT3 may have in future studies toward clinical evaluation.

4. Materials and Methods
4.1. Cell Culture and In Vitro Induction of Osteoblast Differentiation

Mouse C2C12 myoblast cell lines and human embryonic kidney 293T cell lines ob-
tained from the American Type Culture Collection were both maintained at 37 ◦C in a
humidified incubator with 5% CO2 and 95% air. Cells were cultured in Dulbecco’s modified
Eagle’s medium (Gibco, Carlsbad, CA, USA) supplemented with 10% fetal bovine serum
(Gibco) and 1% penicillin-streptomycin (Gibco). C2C12 cells were treated with 50 ng/mL
BMP4 in the culture medium for indicated time points to induce osteoblast differentiation.

4.2. Western Blotting

C2C12 cells were lysed with an ice-cold radio immunoprecipitation assay lysis buffer
containing protease and phosphatase inhibitor cocktails (Abcam, Cambridge, UK). Pro-
tein lysates were cleared by centrifugation at 4 ◦C for 15 min, and the supernatants were
collected for further experiments. 30 µg total protein samples (each lane) mixed with
loading buffer (Beyotime) were subjected to sodium dodecyl sulphate-polyacrylamide
gel electrophoresis and then transferred to polyvinylidene fluoride membrane (Milli-
pore, Burlington, MA, USA). Primary antibodies used to detect specific proteins were:
MT1/2 (Abcam, ab95042; 1:1000 dilution), MT3 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA, sc-164990; 1:500 dilution), ALP (Abcam, ab229126; 1:1000 dilution), Runx2 (Ab-
cam, ab236639; 1:1000 dilution), Osterix (Abcam, ab229258; 1:2000 dilution), Dlx5 (Abcam,
ab109737; 1:3000 dilution), p-Smad1/5 (Cell Signaling Technology, Danvers, MA, USA,
9516; 1:1000 dilution), and GAPDH (Abcam, ab8245, 1:5000 dilution). After incubation
with appropriate secondary antibodies, protein bands were visualized by using electro-
chemiluminescence reagent (Millipore), and images were captured by Amersham Image
600 system (GE Healthcare Life Sciences, Marlborough, MA, USA).

4.3. RNA Isolation and Quantitative Real-Time PCR

TRIzol reagent (Invitrogen, Carlsbad, CA, USA) was used to extract total RNA from
C2C12 cells. Reverse transcript cDNA was established by using the GoScript Reverse
Transcription System (Promega, Madison, WI, USA), and an SYBR Green PCR Assay Kit
(Thermo Fisher Scientific, Waltham, MA, USA) was used to perform quantitative real-time
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PCR following the manufacturers’ protocols. All of the mRNA levels were normalized
to GAPDH expression. Primers used in this experiment were: MT1 (Forward: AAGAGT-
GAGTTGGGACACCTT; Reverse: CGAGACAATACAATGGCCTCC); MT2 (Forward: AT-
GCAAATGTACTTCCTGCAAGA; Reverse: CTGGGAGCACTTCGCACAG); MT3 (For-
ward: TGCACCTGCTCGGACAAAT; Reverse: CCTTGGCACACTTCTCACATC); GAPDH
(Forward: AATGGATTTGGACGCATTGGT; Reverse: TTTGCACTGGTACGTGTTGAT).

4.4. MT3 Overexpression and Knockdown in C2C12 Cells

The flag-tagged MT3 expression plasmids (constructed in a CMV promoter-derived
mammalian expression vector) were used to mediate MT3 overexpression, and small
interfering RNAs containing mouse MT3 silencing sequences (Forward: CCAAGGACUG-
UGUGUGCAATT; Reverse: UUGCACACACAGUCCUUGGTT) were used to mediate
MT3 knockdown in C2C12 cells. Both overexpression and knockdown experiments were
achieved by using the Lipofectamine 2000 transfection reagent (Thermo Fisher Scientific,
Waltham, MA, USA) in Opti-MEM (Gibco, Carlsbad, CA, USA).

4.5. ALP Staining

Differentiated C2C12 cells in 24-well plates were washed with phosphate-buffered
saline at first, and then fixed in 4% formaldehyde at room temperature for 15 min. Cells
were stained with the 1-Step NBT/BCIP Substrate Solution (Thermo Fisher Scientific,
Waltham, MA, USA) for 5 min and images were captured by using an automatic scan-
ner. Quantification of ALP staining was performed by using a microplate reader at the
absorbance of 480 nm.

4.6. Luciferase Reporter Assay

293T cells or C2C12 cells seeded in 48-well plates were transfected with CMV promoter-
driven β-galactosidase (β-gal) plasmids in combination with the indicated luciferase re-
porter plasmids (Runx2, Osterix, and Dlx5). Luciferase Assay System (Promega, Madison,
WI, USA) was used to measure the luciferase activity of indicated cell groups following
the manufacturer’s protocol, and the corresponding β-gal activity were normalized to
determine transfection efficiency in each group.

4.7. DCFH-DA Staining

Indicated groups of C2C12 cells seeded in 24-well plates were incubated with 10 µM
DCFH-DA reagent (Sigma, St. Louis, MO, USA) at 37 ◦C for 30 min, then the fluorescence
was immediately captured by using a confocal microscope at 488 nm excitation wavelength
and 525 nm emission wavelength. All procedures were protected from light.

4.8. DHE Fluorescence Measurement

Cellular ROS level was also detected by DHE fluorescence by using DHE (Dihy-
droethidium) Assay Kit–Reactive Oxygen Species (Abcam, Cambridge, UK) following the
manufacturer’s protocol. Indicated groups of C2C12 cells seeded in 96-well plates were
incubated with 5 µM DHE at 37 ◦C for 30 min, and the fluorescence was measured by using
a microplate reader at 495 nm excitation wavelength and 580 nm emission wavelength. All
procedures were protected from light.

4.9. Immunofluorescence

C2C12 cells were fixed in 4% paraformaldehyde for 15 min and then permeabilized
in 0.5% Triton X-100 for 15 min at room temperature. Cells were blocked by 5% BSA and
incubated with an anti-MT3 (Santa Cruz Biotechnology, Santa Cruz, CA, USA, sc-164990;
1:50 dilution) antibody at 4 ◦C overnight, followed by an appropriate secondary antibody,
and the cell nuclei were stained with DAPI. Images were visualized and captured by using
a confocal microscope.
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4.10. Statistical Analysis

Data were analyzed by using GraphPad Prism 8.0, and results were expressed as
mean ± SEM. Differences in each group were evaluated by using unpaired student’s t-test
(between two groups) or a one-way ANOVA (between multiple groups). A value of p < 0.05
was considered statistically significant.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms22094312/s1, Figure S1: Identification of the transfection efficiency of MT3-overexpressing
plasmids and small interfering RNAs in C2C12 cells; Figure S2: NAC treatment promotes BMP4-
induced osteoblast differentiation in C2C12 cells; Figure S3: Antimycin A treatment inhibits BMP4-
induced osteoblast differentiation in C2C12 cells.

Author Contributions: Conceptualization, S.L. and K.-Y.L.; methodology, S.L., M.-J.K., S.-H.L.,
H.-G.J. and K.-Y.L.; software, S.L.; validation, S.L. and K.-Y.L.; formal analysis, S.L. and K.-Y.L.;
investigation, S.L. and K.-Y.L.; resources, H.-G.J., L.J., W.C. and K.-Y.L.; data curation, S.L., M.-
J.K., S.-H.L., H.-G.J. and K.-Y.L.; writing—original draft preparation, S.L.; writing—review and
editing, K.-Y.L.; visualization, K.-Y.L.; supervision, K.-Y.L.; project administration, K.-Y.L.; funding
acquisition, H.-G.J., L.J., W.C. and K.-Y.L. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by a National Research Foundation of Korea (NRF) grant funded
by the Korean government (MSIT), grant number 2019R1A5A2027521 (KYL) and (MSIP) grant
number NRF-2020R1A2C1007764 (HGJ).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Please contact the corresponding author for reasonable data requests.

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

References
1. 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]
2. Tsukamoto, M.; Mori, T.; Wang, K.Y.; Okada, Y.; Fukuda, H.; Naito, K.; Yamanaka, Y.; Sabanai, K.; Nakamura, E.; Yatera, K.; et al.

Systemic bone loss, impaired osteogenic activity and type I muscle fiber atrophy in mice with elastase-induced pulmonary emphysema:
Establishment of a COPD-related osteoporosis mouse model. Bone 2019, 120, 114–124. [CrossRef] [PubMed]

3. Manikandan, M.; Abuelreich, S.; Elsafadi, M.; Alsalman, H.; Almalak, H.; Siyal, A.; Hashmi, J.A.; Aldahmash, A.; Kassem, M.;
Alfayez, M.; et al. NR2F1 mediated down-regulation of osteoblast differentiation was rescued by bone morphogenetic protein-2
(BMP-2) in human MSC. Differentiation 2018, 104, 36–41. [CrossRef] [PubMed]

4. Soundharrajan, I.; Kim, D.H.; Srisesharam, S.; Kuppusamy, P.; Sivanesan, R.; Choi, K.C. Limonene promotes osteoblast differentia-
tion and 2-deoxy-d-glucose uptake through p38MAPK and Akt signaling pathways in C2C12 skeletal muscle cells. Phytomedicine
2018, 45, 41–48. [CrossRef]

5. Lin, G.L.; Hankenson, K.D. Integration of BMP, Wnt, and notch signaling pathways in osteoblast differentiation. J. Cell. Biochem.
2011, 112, 3491–3501. [CrossRef]

6. Curtis, E.M.; Moon, R.J.; Dennison, E.M.; Harvey, N.C.; Cooper, C. Recent advances in the pathogenesis and treatment of
osteoporosis. Clin. Med. 2016, 16, 360–364. [CrossRef]

7. Lynes, M.A.; Hidalgo, J.; Manso, Y.; Devisscher, L.; Laukens, D.; Lawrence, D.A. Metallothionein and stress combine to affect
multiple organ systems. Cell. Stress. Chaperones. 2014, 19, 605–611. [CrossRef]

8. Bhandari, S.; Melchiorre, C.; Dostie, K.; Laukens, D.; Devisscher, L.; Louwrier, A.; Thees, A.; Lynes, M.A. Detection and
Manipulation of the Stress Response Protein Metallothionein. Curr. Protoc. Toxicol. 2017, 71, 17.19.1–17.19.28. [CrossRef]

9. Liu, A.L.; Zhang, Z.M.; Zhu, B.F.; Liao, Z.H.; Liu, Z. Metallothionein protects bone marrow stromal cells against hydrogen
peroxide-induced inhibition of osteoblastic differentiation. Cell. Biol. Int. 2004, 28, 905–911. [CrossRef]

10. Fong, L.; Tan, K.; Tran, C.; Cool, J.; Scherer, M.A.; Elovaris, R.; Coyle, P.; Foster, B.K.; Rofe, A.M.; Xian, C.J. Interaction of dietary
zinc and intracellular binding protein metallothionein in postnatal bone growth. Bone 2009, 44, 1151–1162. [CrossRef]

11. Crespi, R.; Capparé, P.; Romanos, G.E.; Mariani, E.; Benasciutti, E.; Gherlone, E. Corticocancellous porcine bone in the healing of
human extraction sockets: Combining histomorphometry with osteoblast gene expression profiles in vivo. Int. J. Oral. Maxillofac.
Implants. 2011, 26, 866–872.

12. Zizzari, V.L.; Zara, S.; Tetè, G.; Vinci, R.; Gherlone, E.; Cataldi, A. Biologic and clinical aspects of integration of different bone
substitutes in oral surgery: A literature review. Oral. Surg. Oral. Med. Oral. Pathol. Oral. Radiol. 2016, 122, 392–402. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms22094312/s1
https://www.mdpi.com/article/10.3390/ijms22094312/s1
http://doi.org/10.2741/2296
http://www.ncbi.nlm.nih.gov/pubmed/17485283
http://doi.org/10.1016/j.bone.2018.10.017
http://www.ncbi.nlm.nih.gov/pubmed/30342225
http://doi.org/10.1016/j.diff.2018.10.003
http://www.ncbi.nlm.nih.gov/pubmed/30445268
http://doi.org/10.1016/j.phymed.2018.03.019
http://doi.org/10.1002/jcb.23287
http://doi.org/10.7861/clinmedicine.16-4-360
http://doi.org/10.1007/s12192-014-0501-z
http://doi.org/10.1002/cptx.17
http://doi.org/10.1016/j.cellbi.2004.09.004
http://doi.org/10.1016/j.bone.2009.02.011
http://doi.org/10.1016/j.oooo.2016.04.010


Int. J. Mol. Sci. 2021, 22, 4312 15 of 16

13. Crespi, R.; Capparè, P.; Gherlone, E. Comparison of magnesium-enriched hydroxyapatite and porcine bone in human extraction
socket healing: A histologic and histomorphometric evaluation. Int. J. Oral. Maxillofac. Implants. 2011, 26, 1057–1062.

14. Abedi-Amin, A.; Luzi, A.; Giovarruscio, M.; Paolone, G.; Darvizeh, A.; Agulló, V.V.; Sauro, S. Innovative root-end filling materials
based on calcium-silicates and calcium-phosphates. J. Mater. Sci. Mater. Med. 2017, 28, 31. [CrossRef]

15. Bruschi, G.B.; Crespi, R.; Capparè, P.; Bravi, F.; Bruschi, E.; Gherlone, E. Localized management of sinus floor technique for
implant placement in fresh molar sockets. Clin. Implant. Dent. Relat. Res. 2013, 15, 243–250. [CrossRef]

16. Crespi, R.; Capparè, P.; Gherlone, E. Sinus floor elevation by osteotome: Hand mallet versus electric mallet. A prospective clinical
study. Int. J. Oral. Maxillofac. Implants. 2012, 27, 1144–1150.

17. Bruschi, G.B.; Crespi, R.; Capparè, P.; Gherlone, E. Transcrestal sinus floor elevation: A retrospective study of 46 patients up to 16
years. Clin. Implant. Dent. Relat. Res. 2012, 14, 759–767. [CrossRef]

18. Farshdousti, H.M.; Noruzinia, M.; Mortazavi, Y.; Soleimani, M.; Kaviani, S.; Abroun, S.; Dehghani, F.A.; Mahmoodinia, M.
Different Methylation Patterns of RUNX2, OSX, DLX5 and BSP in Osteoblastic Differentiation of Mesenchymal Stem Cells. Cell J.
2015, 17, 71–82. [CrossRef]

19. Otto, F.; Thornell, A.P.; Crompton, T.; Denzel, A.; Gilmour, K.C.; Rosewell, I.R.; Stamp, G.W.; Beddington, R.S.; Mundlos, S.;
Olsen, B.R.; et al. Cbfa1, a candidate gene for cleidocranial dysplasia syndrome, is essential for osteoblast differentiation and
bone development. Cell 1997, 89, 765–771. [CrossRef]

20. Nakashima, K.; Zhou, X.; Kunkel, G.; Zhang, Z.; Deng, J.M.; Behringer, R.R.; de Crombrugghe, B. The novel zinc finger-containing
transcription factor osterix is required for osteoblast differentiation and bone formation. Cell 2002, 108, 17–29. [CrossRef]

21. Ryoo, H.M.; Hoffmann, H.M.; Beumer, T.; Frenkel, B.; Towler, D.A.; Stein, G.S.; Stein, J.L.; van Wijnen, A.J.; Lian, J.B. Stage-specific
expression of Dlx-5 during osteoblast differentiation: Involvement in regulation of osteocalcin gene expression. Mol. Endocrinol.
1997, 11, 1681–1694. [CrossRef] [PubMed]

22. Chiu, R.; Smith, K.E.; Ma, G.K.; Ma, T.; Smith, R.L.; Goodman, S.B. Polymethylmethacrylate particles impair osteoprogenitor
viability and expression of osteogenic transcription factors Runx2, osterix, and Dlx5. J. Orthop. Res. 2010, 28, 571–577. [CrossRef]
[PubMed]

23. Halliwell, B. Free radicals, antioxidants, and human disease: Curiosity, cause, or consequence? Lancet 1994, 344, 721–724.
[CrossRef]

24. Harrison, C. Bone disorders: Targeting NOX4 knocks down osteoporosis. Nat. Rev. Drug. Discov. 2013, 12, 904. [CrossRef]
25. Mody, N.; Parhami, F.; Sarafian, T.A.; Demer, L.L. Oxidative stress modulates osteoblastic differentiation of vascular and bone

cells. Free. Radic. Biol. Med. 2001, 31, 509–519. [CrossRef]
26. Arai, M.; Shibata, Y.; Pugdee, K.; Abiko, Y.; Ogata, Y. Effects of reactive oxygen species (ROS) on antioxidant system and

osteoblastic differentiation in MC3T3-E1 cells. IUBMB. Life. 2007, 59, 27–33. [CrossRef]
27. Gao, J.; Feng, Z.; Wang, X.; Zeng, M.; Liu, J.; Han, S.; Xu, J.; Chen, L.; Cao, K.; Long, J.; et al. SIRT3/SOD2 maintains osteoblast

differentiation and bone formation by regulating mitochondrial stress. Cell Death. Differ. 2018, 25, 229–240. [CrossRef]
28. Ruttkay-Nedecky, B.; Nejdl, L.; Gumulec, J.; Zitka, O.; Masarik, M.; Eckschlager, T.; Stiborova, M.; Adam, V.; Kizek, R. The role of

metallothionein in oxidative stress. Int. J. Mol. Sci. 2013, 14, 6044–6066. [CrossRef]
29. Meloni, G.; Zovo, K.; Kazantseva, J.; Palumaa, P.; Vasák, M. Organization and assembly of metal-thiolate clusters in epithelium-

specific metallothionein-4. J. Biol. Chem. 2006, 281, 14588–14595. [CrossRef]
30. Ulsamer, A.; Ortuño, M.J.; Ruiz, S.; Susperregui, A.R.; Osses, N.; Rosa, J.L.; Ventura, F. BMP-2 induces Osterix expression through

up-regulation of Dlx5 and its phosphorylation by p38. J. Biol. Chem. 2008, 283, 3816–3826. [CrossRef]
31. Jang, W.G.; Kim, E.J.; Lee, K.N.; Son, H.J.; Koh, J.T. AMP-activated protein kinase (AMPK) positively regulates osteoblast differen-

tiation via induction of Dlx5-dependent Runx2 expression in MC3T3E1 cells. Biochem. Biophys. Res. Commun. 2011, 404, 1004–1009.
[CrossRef]

32. Vašák, M.; Meloni, G. Mammalian Metallothionein-3: New Functional and Structural Insights. Int. J. Mol. Sci. 2017, 18, 1117.
[CrossRef]

33. Cho, Y.H.; Lee, S.H.; Lee, S.J.; Kim, H.N.; Koh, J.Y. A role of metallothionein-3 in radiation-induced autophagy in glioma cells. Sci.
Rep. 2020, 10, 2015. [CrossRef]

34. Oz, G.; Zangger, K.; Armitage, I.M. Three-dimensional structure and dynamics of a brain specific growth inhibitory factor:
Metallothionein-3. Biochemistry 2001, 40, 11433–11441. [CrossRef]

35. Koh, J.Y.; Lee, S.J. Metallothionein-3 as a multifunctional player in the control of cellular processes and diseases. Mol. Brain. 2020,
13, 116. [CrossRef]

36. Park, K.H.; Choi, Y.; Yoon, D.S.; Lee, K.M.; Kim, D.; Lee, J.W. Zinc Promotes Osteoblast Differentiation in Human Mesenchymal
Stem Cells Via Activation of the cAMP-PKA-CREB Signaling Pathway. Stem. Cells Dev. 2018, 27, 1125–1135. [CrossRef] [PubMed]

37. Tao, H.; Ge, G.; Liang, X.; Zhang, W.; Sun, H.; Li, M.; Geng, D. ROS signaling cascades: Dual regulations for osteoclast and
osteoblast. Acta. Biochim. Biophys. Sin. 2020, 52, 1055–1062. [CrossRef]

38. Schröder, K. NADPH oxidases in bone homeostasis and osteoporosis. Free. Radic. Biol. Med. 2019, 132, 67–72. [CrossRef]
39. Mandal, C.C.; Ganapathy, S.; Gorin, Y.; Mahadev, K.; Block, K.; Abboud, H.E.; Harris, S.E.; Ghosh-Choudhury, G.;

Ghosh-Choudhury, N. Reactive oxygen species derived from Nox4 mediate BMP2 gene transcription and osteoblast differentia-
tion. Biochem. J. 2011, 433, 393–402. [CrossRef] [PubMed]

http://doi.org/10.1007/s10856-017-5847-1
http://doi.org/10.1111/j.1708-8208.2011.00348.x
http://doi.org/10.1111/j.1708-8208.2010.00313.x
http://doi.org/10.22074/cellj.2015.513
http://doi.org/10.1016/S0092-8674(00)80259-7
http://doi.org/10.1016/S0092-8674(01)00622-5
http://doi.org/10.1210/mend.11.11.0011
http://www.ncbi.nlm.nih.gov/pubmed/9328350
http://doi.org/10.1002/jor.21035
http://www.ncbi.nlm.nih.gov/pubmed/20014320
http://doi.org/10.1016/S0140-6736(94)92211-X
http://doi.org/10.1038/nrd4182
http://doi.org/10.1016/S0891-5849(01)00610-4
http://doi.org/10.1080/15216540601156188
http://doi.org/10.1038/cdd.2017.144
http://doi.org/10.3390/ijms14036044
http://doi.org/10.1074/jbc.M601724200
http://doi.org/10.1074/jbc.M704724200
http://doi.org/10.1016/j.bbrc.2010.12.099
http://doi.org/10.3390/ijms18061117
http://doi.org/10.1038/s41598-020-58237-7
http://doi.org/10.1021/bi010827l
http://doi.org/10.1186/s13041-020-00654-w
http://doi.org/10.1089/scd.2018.0023
http://www.ncbi.nlm.nih.gov/pubmed/29848179
http://doi.org/10.1093/abbs/gmaa098
http://doi.org/10.1016/j.freeradbiomed.2018.08.036
http://doi.org/10.1042/BJ20100357
http://www.ncbi.nlm.nih.gov/pubmed/21029048


Int. J. Mol. Sci. 2021, 22, 4312 16 of 16

40. Franceschi, R.T.; Ge, C. Control of the Osteoblast Lineage by Mitogen-Activated Protein Kinase Signaling. Curr. Mol. Biol. Rep.
2017, 3, 122–132. [CrossRef]

41. Liu, Y.; Ma, X.; Guo, J.; Lin, Z.; Zhou, M.; Bi, W.; Liu, J.; Wang, J.; Lu, H.; Wu, G. All-trans retinoic acid can antagonize
osteoblastogenesis induced by different BMPs irrespective of their dimerization types and dose-efficiencies. Drug. Des. Devel.
Ther. 2018, 12, 3419–3430. [CrossRef]

42. Franceschi, R.T.; Ge, C.; Xiao, G.; Roca, H.; Jiang, D. Transcriptional regulation of osteoblasts. Cells. Tissues. Organs.
2009, 189, 144–152. [CrossRef]

43. Gómez-Moreno, G.; Guardia, J.; Ferrera, M.J.; Cutando, A.; Reiter, R.J. Melatonin in diseases of the oral cavity. Oral.
Dis. 2010, 16, 242–247. [CrossRef]

44. Stanford, C.M. Surface modification of biomedical and dental implants and the processes of inflammation, wound healing and
bone formation. Int. J. Mol. Sci. 2010, 11, 354–369. [CrossRef]

45. Gherlone, E.F.; Capparé, P.; Tecco, S.; Polizzi, E.; Pantaleo, G.; Gastaldi, G.; Grusovin, M.G. Implant Prosthetic Rehabilitation
in Controlled HIV-Positive Patients: A Prospective Longitudinal Study with 1-Year Follow-Up. Clin. Implant. Dent. Relat. Res.
2016, 18, 725–734. [CrossRef]

46. Gherlone, E.F.; Capparé, P.; Tecco, S.; Polizzi, E.; Pantaleo, G.; Gastaldi, G.; Grusovin, M.G. A Prospective Longitudinal Study on
Implant Prosthetic Rehabilitation in Controlled HIV-Positive Patients with 1-Year Follow-Up: The Role of CD4+ Level, Smoking
Habits, and Oral Hygiene. Clin. Implant. Dent. Relat. Res. 2016, 18, 955–964. [CrossRef]

47. Capparé, P.; Teté, G.; Romanos, G.E.; Nagni, M.; Sannino, G.; Gherlone, E.F. The ‘All-on-four’ protocol in HIV-positive patients: A
prospective, longitudinal 7-year clinical study. Int. J. Oral. Implantol. 2019, 12, 501–510.

48. Sberna, M.T.; Rizzo, G.; Zacchi, E.; Capparè, P.; Rubinacci, A. A preliminary study of the use of peripheral quantitative computed
tomography for investigating root canal anatomy. Int. Endod. J. 2009, 42, 66–75. [CrossRef]

49. Salgarelli, A.C.; Capparè, P.; Bellini, P.; Collini, M. Usefulness of fine-needle aspiration in parotid diagnostics. Oral. Maxillofac.
Surg. 2009, 13, 185–190. [CrossRef]

50. Chapman, G.A.; Kay, J.; Kille, P. Structural and functional analysis of the rat metallothionein III genomic locus. Biochim. Biophys.
Acta. 1999, 1445, 321–329. [CrossRef]

51. Ogra, Y.; Suzuki, K.; Gong, P.; Otsuka, F.; Koizumi, S. Negative regulatory role of Sp1 in metal responsive element-mediated
transcriptional activation. J. Biol. Chem. 2001, 276, 16534–16539. [CrossRef]

52. Niger, C.; Lima, F.; Yoo, D.J.; Gupta, R.R.; Buo, A.M.; Hebert, C.; Stains, J.P. The transcriptional activity of osterix requires the
recruitment of Sp1 to the osteocalcin proximal promoter. Bone 2011, 49, 683–692. [CrossRef]

53. Kang, Y.J. The antioxidant function of metallothionein in the heart. Proc. Soc. Exp. Biol. Med. 1999, 222, 263–273. [CrossRef]
54. Fu, Z.; Guo, J.; Jing, L.; Li, R.; Zhang, T.; Peng, S. Enhanced toxicity and ROS generation by doxorubicin in primary cultures of

cardiomyocytes from neonatal metallothionein-I/II null mice. Toxicol. Vitro. 2010, 24, 1584–1591. [CrossRef]

http://doi.org/10.1007/s40610-017-0059-5
http://doi.org/10.2147/DDDT.S178190
http://doi.org/10.1159/000151747
http://doi.org/10.1111/j.1601-0825.2009.01610.x
http://doi.org/10.3390/ijms11010354
http://doi.org/10.1111/cid.12353
http://doi.org/10.1111/cid.12370
http://doi.org/10.1111/j.1365-2591.2008.01452.x
http://doi.org/10.1007/s10006-009-0182-4
http://doi.org/10.1016/S0167-4781(99)00053-6
http://doi.org/10.1074/jbc.M100570200
http://doi.org/10.1016/j.bone.2011.07.027
http://doi.org/10.1046/j.1525-1373.1999.d01-143.x
http://doi.org/10.1016/j.tiv.2010.06.009

	Introduction 
	Results 
	MT3 Is Significantly Upregulated in BMP4 Treated C2C12 Cells 
	MT3 Overexpression Promotes BMP4-Induced Osteoblast Differentiation in C2C12 Cells 
	MT3 Knockdown Inhibited BMP4-Induced Osteoblast Differentiation in C2C12 Cells 
	MT3 Indirectly Regulates Runx2/Osterix/Dlx5 Activation during Osteoblast Differentiation 
	MT3 Reduces Oxidative Stress in BMP4 Treated C2C12 Cells 
	Oxidative Stress Regulates BMP4-Induced Osteoblast Differentiation and Affects the Reporter Activities of Runx2/Osterix/Dlx5 in MT3-Overexpressing/Silencing C2C12 Cells 
	ROS Production Impedes BMP4-Induced Osteoblast Differentiation in MT3-Overexpressing C2C12 Cells 

	Discussion 
	Materials and Methods 
	Cell Culture and In Vitro Induction of Osteoblast Differentiation 
	Western Blotting 
	RNA Isolation and Quantitative Real-Time PCR 
	MT3 Overexpression and Knockdown in C2C12 Cells 
	ALP Staining 
	Luciferase Reporter Assay 
	DCFH-DA Staining 
	DHE Fluorescence Measurement 
	Immunofluorescence 
	Statistical Analysis 

	References

