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Introduction. The aim of the present study was to determine the effects of vitamins D and E on the proliferation, morphology, and
differentiation of human dental pulp stem cells (hDPSCs). Methods. In this in vitro experimental study, hDPSCs were isolated,
characterized, and treated with vitamins D and E, individually and in combination, utilizing different doses and treatment periods.
Changes in morphology and cell proliferation were evaluated using light microscopy and the resazurin assay, respectively.
Osteoblast differentiation was evaluated with alizarin red S staining and expression of RUNX2, Osterix, and Osteocalcin genes
using real-time RT-PCR. Results. Compared with untreated cells, the number of cells significantly reduced following treatment
with vitamin D (49%), vitamin E (35%), and vitamins D + E (61%) after 144 h. Compared with cell cultures treated with individual
vitamins, cells treated with vitamins D + E demonstrated decreased cell confluence, with more extensive and flatter cytoplasm that
initiated the formation of a significantly large number of calcified nodules after 7 days of treatment. After 14 days, treatment with
vitamins D, E, and D +E increased the transcription of RUNX2, Osterix, and Osteocalcin genes. Conclusions. Vitamins D and E
induced osteoblastic differentiation of hDPSCs, as evidenced by the decrease in cell proliferation, morphological changes, and the
formation of calcified nodules, increasing the expression of differentiation genes. Concurrent treatment with vitamins D + E
induces a synergistic effect in differentiation toward an osteoblastic lineage.

1. Introduction

Currently, in the field of orthodontics, the study of mech-
anisms accelerating dental movement is being highlighted to
enable a shortened treatment time and thus reduce side
effects resulting from long periods of orthodontic treatment,
such as tooth decay, periodontal disease, and root resorption
[1].

Several methods have been developed to accelerate or-
thodontic tooth movement, including surgeries, flaps, peri-
odontal invasion, infections, and surgical site interventions,

such as osteotomy and corticotomy. However, the use of less
invasive techniques such as microperforations and piezoci-
sion, or the use of substances such as prostaglandin, hormones,
opioids, and vitamins, has recently been explored. These
substances are proposed to increase dental movement mainly
through the induction of osteoclast formation; however, side
effects such as toxicity, root resorption, and recurrence, as well
as the mechanisms of action of these approaches, remain
unclear [2].

For orthodontists, it would be useful to generate rapid
movement under ideal conditions allowing optimal
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results in the shortest possible time. However, it is also
crucial that balanced bone remodeling occurs, leading to
appropriate bone resorption induced by osteoclasto-
genesis with appropriate osteoblast-mediated bone for-
mation, in both the pressure and tension zones, to ensure
the stability and complete reconstruction of placental
tissues.

Vitamin D is a potent stimulator of both apposition and
bone resorption. During bone apposition, vitamin D
demonstrates immunomodulatory actions by stimulating
osteoblasts that generate bone mineralization. Regarding
bone resorption, vitamin D, in the presence of the para-
thyroid hormone (PTH), is shown to stimulate differenti-
ation and increase osteoclast activity. Therefore, vitamin D
induces osteoclasts to produce bone resorption that facili-
tates dental movement, as well as bone formation that allows
tooth stabilization. However, the biological mechanism that
induces osteoblast and osteoclast activities mediated by
vitamin D remains elusive [3].

Vitamin E is a fat-soluble antioxidant molecule that
inhibits lipid peroxidation by capturing reactive oxygen
species, believed to possess protective abilities against ar-
teriosclerotic changes and aging processes. Tocopherol is the
predominant isoform of vitamin E and a natural agent with
antioxidant and anti-inflammatory properties, proposed to
act as a stimulating factor for osteoblast proliferation and
maturation [4]. However, these results are contradictory, as
other studies indicate that a-tocopherol and §-tocopherol
inhibit osteoblast differentiation, especially from early stages
to the osteoid production stage [5].

Human dental pulp stem cells (hDPSCs) were chosen for
this study since they constitute an attractive source of
multipotent mesenchymal stem cells owing to their high
proliferation rate and multilineage differentiation potential.
They are mesenchymal stem cells (MSCs) exhibiting similar
features to bone marrow-derived mesenchymal stem cells
(BMMSCs), including clonogenicity and capability of self-
renewal, although they have greater proliferation capacity
and ease obtaining than BMMSCs [6]. Additionally, they
have a multilineage differentiation potential making them
emerging sources of multipotent cells when compared to
BMMSCs. DPSCs possess high potential to differentiate into
various cells including neuronal cells, chondroblasts, adi-
pocytes, and osteoblasts, suggesting that they are ideal for
tissue engineering, osteogenesis, and regenerative medicine
[7].

In orthodontics, several investigations have focused
on the study of vitamin D for the acceleration of dental
movement. However, evidence on the effect of vitamin D
and vitamin E on the differentiation of mesenchymal cells
in vitro is lacking. Furthermore, it remains to be eluci-
dated whether these vitamins produce an agonistic or
antagonistic effect on the viability, proliferation, and
differentiation of mesenchymal cells toward an osteo-
blastic lineage.

Hence, the aim of this study was to determine whether
the stimulus of vitamin D and vitamin E alters the prolif-
eration, viability, and differentiation of hDPSCs toward an
osteoblast phenotype.

International Journal of Dentistry

2. Materials and Methods

2.1. Culture of Mesenchymal Cells from Dental Pulp.
Dental pulp was obtained from sound premolars of three
individuals aged between 18 and 20 years, with prior in-
formed consent, who underwent tooth extraction for or-
thodontic treatment. Cell isolation was performed according
to the protocol of Gronthos et al. [8]. Briefly, the teeth were
decontaminated by immersion in 5% sodium hypochlorite
and sectioned with a handpiece to recover the dental pulp.
The obtained explants were placed in HyClone™ Dulbecco’s
Low Glucose Modified Eagles Medium (DMEM; Thermo
Fisher Scientific), supplemented with fetal bovine serum
(FBS) (Hyclone, Thermo Fisher Scientific) and antibiotics. A
dissociation medium containing collagenase (3 mg/mL)
(Sigma-Aldrich, USA) and dispase (4 mg/mL) (Gibco) was
used for 16 h, in a humidified atmosphere with 5% CO, at
37°C. Subsequently, the cell suspension was centrifuged, and
the pellet was resuspended in medium to be seeded in 25 cm?
flasks until 80% confluence was achieved [8].

2.2. Phenotypic and Functional Characterization of Mesen-
chymal Cells. The characterization of the mesenchymal cells
was performed according to the following criteria.

Morphological characterization: mesenchymal cells
must be elongated, spindle-shaped, narrow, and fi-
broblast-like, with a central nucleus and abundant
lysosomes [9].

Characterization by flow cytometry: several membrane
markers were used and detected by flow cytometry.
Previously, cultured cells were trypsinized, centrifuged,
and resuspended in 100uL of a saline buffer. Subse-
quently, the cells were incubated with 10 uL of fluoro-
chrome-coupled monoclonal antibodies for CD34,
CD45, CD73, CD90, and CD105 and mouse isotype
control antibodies (FITC-IgGl, PE-IgGl, APC-IgGl
PerCP, IgGl, and PerCP-IgG2a) from the phenotyping
kit for mesenchymal stem cells (MSCs; Miltenyi Biotec,
Bergisch Gladbach, Germany). Samples were processed
using a FACS Calibur flow cytometer (BD Biosciences,
San Jose, CA, USA). A homogeneous population was
characterized by presenting cells positive for CD73,
CD90, and CD105 and negative for CD34 and CD45 [10].

2.3. Mesenchymal Stem Cell Treatment with Vitamins E
and D. hDPSCs were cultured in 25 cm? culture flasks until
80% confluence was achieved, and subsequently dissociated
with 0.25% trypsin (DIFCO) and seeded in 12-well
microplates, with 5000 cells per well. These cells were treated
with different concentrations of vitamin D (1x1077,
1x107% and 1 x 10~°M Sigma) and vitamin E (12, 6, 3, 1.5,
and 0.75uM a-tocopherol Sigma) for 48, 72, 96, 120, and
144h. Experiments were performed in triplicate and re-
peated twice.

2.4. Determination of Viability and Proliferation of MSCs.
The live and dead cells were counted with a hemocytometer
using the trypan blue dye exclusion technique. The number
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of cells, as well as cell proliferation, was determined using the
resazurin fluorometric test. The resazurin solution (4.4 ug
per well) was added to control and treated cells and incu-
bated at 37°C for 4 h; subsequently, they were analyzed using
a Tecan Infinite M2000 Pro reader at 535-595 nm excitation-
emission wavelengths [11].

2.5. Differentiation and Characterization of Osteoblastic Cells

2.5.1. Osteoblastic Cell Differentiation Induced by Differen-
tiation Medium (DM). The differentiation control group
was grown in osteogenic induction medium containing
DMEM supplemented with 10% FBS, 100 ug/mL penicillin,
100 ug/mL streptomycin, 0.1 M dexamethasone (Sigma-
Aldrich), 5 mM S-glycerophosphate (Santa Cruz, CA, USA),
and 50 ug/mL ascorbic acid (Sigma-Aldrich) with no ad-
dition of vitamin D or E. These cells were treated with the
differentiation medium (positive control of differentiation)
for 7, 14, and 21 days in a humidified atmosphere with 5%
CO, at 37°C. Negative control cells were maintained in a
culture medium lacking osteoblastic differentiation factors
[12].

2.5.2. Evaluation of Osteoblast Gene Expression by Quanti-
tative RT-PCR. Following treatment of MSCs with vitamins
D, E, and D+E, the Quick-RNA MicroPrep kit (Zymo
Research USA) was used for the extraction of total RNA at 7,
14, and 21 days, according to manufacturer’s protocol.
Subsequently, cDNA was obtained by reverse transcription
using the ProtoScript 1l First Strand cDNA Synthesis cONA
kit protocol (BIOHAUS S.A.S). To determine the expression
levels of runt-related transcription factor 2 (RUNX2),
Osterix (OSX), and Osteocalcin (OCN), RT-PCR was per-
formed with the Luna Universal real-time RT-PCR master
mix system (New England Biolabs, USA) using the CFX96
Real-Time Thermal Cycler detection system (Bio-Rad;
Hercules, CA, USA). The amplification conditions were
3 min at 95°C and 50 cycles of 10s at 95°C, 30's at 60°C, and
20s at 72°C, and finally, 5s at 65°C, and 5s at 95°C. The
primers used are presented in Table 1. PCR efficiencies were
calculated using LinRegPCR (Academic Medical Center,
Amsterdam, The Netherlands), and relative quantification of
expression was performed following the Scheffe method
[13].

2.5.3. Evluation of Mineralization In Vitro. Each group of
cells was fixed with paraformaldehyde (PFA) and stained
with 2% alizarin red S based on the protocol established by
Gregory et al. [14]. Subsequently, the dye was extracted by
washing with phosphate-buffered saline once. The formation
of calcified nodules was analyzed using an inverted mi-
croscope, and the extracted dye absorbance was quantified
using the Infinite M200 multiplate reader Infinite M200,
Tecan (Ménnedorf, Suiza) at 550 nm [14].

2.6. Statistical Analysis. Data are expressed as the
mean = SD. A value of p<0.05 was considered significant
between the experimental groups. To analyze differences

between the various groups with normal distribution, Stu-
dent’s t-test and ANOVA were used. For groups demon-
strating nonnormal distribution, the Mann-Whitney U test
was performed. All experiments were carried out using two
independent cultures, with three replicates per condition.
Statistical analysis was performed using the SPSS software,
version 21.0 (SPSS, Chicago, IL, USA).

3. Results

3.1. Vitamins D and E Decreased hDPSC Proliferation Pro-
portional to the Dose and Time of Treatment. hDPSCs were
characterized, and the mesenchymal stem cell marker profile
(CD73+, CD90+, CDI105+, CDI14-, CD20-, CD34-,
CD45-) (Figures 1(a)-1(e)) and elongated fibroblast-like
morphology were determined (Figure 1(f)).

Initially, the effect of treatment with vitamin D or vi-
tamin E administered individually, on the proliferation of
hDPSC at different times, was determined.

hDPSC treatment with vitamin E significantly reduced
cell proliferation at all doses after 120 h of treatment, with a
maximal decline of 31% observed with the highest concen-
tration (12 uM) (Figure 2(a)). Conversely, vitamin D, at a dose
of 1x 107" M, induced significantly lower cell proliferation
after 96 h. After 120 h, all treatment concentrations induced a
significant decrease in cell number, with the greatest decline
in cell proliferation (53%) observed in cells treated with vi-
tamin D at 1 x 107" M when compared to proliferation in the
untreated group (control) (Figure 2(b)). No evident cell death
was observed in the experimental groups treated with vitamin
D or E at different treatment times.

3.2. Simultaneous Treatment with Vitamins D and E Induced
a Greater Decrease in Cell Proliferation than that Observed
with Individual Applications. Given that 1x 10~ M of vi-
tamin D and 12uM of vitamin E induced the greatest
changes in proliferation and morphology of hDPSCs during
the different times, these doses were chosen to be used in the
simultaneous treatment with the two vitamins.

Treatment with vitamin D (1 x107’ M), vitamin E
(12 uM), and vitamins D +E decreased proliferation by
49%, 35%, and 61%, respectively, after 144 h, and by 40%,
33%, and 49%, respectively, after 192 h of treatment, with
no evident cell death observed in the experimental
groups. Simultaneous administration of vitamins D +E
significantly reduced the number of cells (p <0.05) in the
control group, as well as groups individually treated with
vitamins D and E (Figure 3(a)).

Cell cultures concurrently treated with vitamins D and E
(D +E) demonstrated lower cell confluence, with a larger
and flatter cytoplasm. In contrast, cells treated with vitamin
D presented a more elongated morphology (Figure 3(b)).

3.3. Treatment with Vitamins D and E Individually and
Concurrently Led to Osteoblastic Differentiation of hDPSCs.
To evaluate the osteoblastic activity, alizarin red S
staining determined the formation of calcified nodules in
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TABLE 1: Primers used in this study.
Name Forward Reverse
RUNX2 5'-CATCTAATGACACCACCAGGC-3'
5'-GCCTACAAAGGTGGGTTTGA-3'
0SX 5" TGGGAAAAGGGAGGGTAATC-3’
5'-CGGGACTCAACAACTCTGG-3'
OCN 5'- CCTCACACTCCTCGCCCTAT-3’
5'- TCCCAGCCATTGATACAGGT-3’
!
GAPDH 5'- GAAGGTGAAGGTCGGAGTC-3

5'-GAAGATGGTGATGGGATTTC-3

RUNX2, runt-related transcription factor 2; OSX, Osterix; OCN, Osteo-
calcin; GAPDH, glyceraldehyde 3-phosphate dehydrogenase.

cells treated with vitamins D, E, and D +E for 7, 14, and
21 days (Figure 4). After 7 days, the initial formation of
calcified nodules in cells treated with vitamins D + E was
greater than that observed in the cells individually treated
with the vitamins (Figure 4(a), 7 days). At 14 days, a
significant increase in calcified nodule formation was
associated with vitamin D treatment when compared
with that observed at 7 days (Figure 4(a), 14 days).

Moreover, in all experimental groups, an increase in the
number of calcified nodules was observed at 21 days
(Figure 4(a), 21 days). On quantifying the absorbance of
alizarin red S extracted from the cells, significant differences
were observed after 7 days between cells treated with vita-
mins D +E and the DM when compared with the control
group. At 14 and 21 days, a significant increase in the
amount of Alizarin red S was observed in all experimental
groups relative to the control group (Figure 4(b)).

To understand the role of vitamins D and E in osteoblast
differentiation, we compared their effects on osteoblastic
marker expression using real-time PCR analysis. Following
14 days of treatment, increased expression of the OSX gene
was observed in all experimental groups; later, decreased
expression was evident, except in the group concurrently
treated with the two vitamins (vitamins D + E), in which the
OSX expression continued increasing (Figure 5). Con-
versely, after 14 days, the expression of RUNX2 increased
significantly in all experimental groups. Furthermore, vi-
tamin E treatment produced the greatest increase observed
at 14 days (164 times). At 21 days, the expression of RUNX2
decreased in all groups (Figure 5). Finally, the OCN gene
demonstrated increased expression in all experimental
groups at 14 days. Subsequently, OCN expression decreased
after 21 days in the vitamin D group, as well as the group
concurrently treated with the two vitamins (D + E). After 21
days of treatment, cell groups treated with the DM and
vitamin E demonstrated an increase in OCN gene expression
(Figure 5).

4. Discussion

Orthodontic-mediated tooth movement is dependent on the
remodeling of tissues surrounding the teeth following the ap-
plication of mechanical forces. For dental movement to occur,
the application of mechanical forces capable of activating bone
and related cells generating inflammatory changes in
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periodontal tissue is crucial, triggering the desired dental
movement. Currently, methods are being investigated to ac-
celerate the movement, utilizing some invasive methods such as
osteotomies, corticotomies, and others, such as piezoincisions
and  micro-osteoperforations.  Additionally, mechanical
methods such as vibration and low-frequency lasers and
chemicals, including the application of prostaglandins, hor-
mones, opioids, and vitamins, have been explored [15].
Vitamin D is one of the vitamins investigated to accelerate
dental movement and is a powerful regulator of bone devel-
opment and metabolism, participating in calcium homeostasis
and significantly increasing bone formation in the reabsorbed
area of alveolar bone after tooth movement. Following or-
thodontic treatment, vitamin D can promote the restoration of
the supporting teeth tissue [16]. Additionally, it has been de-
termined that vitamin D, in its active form, plays a particularly
important role in the bone tissue as it can stimulate both bone
formation and reabsorption, regulating bone turnover and
acting on both osteoblasts and osteoclasts [17]. Notably, the
interaction between vitamin D and osteoblasts is complex. The
presence of the vitamin D receptor in osteoblasts allows direct
effects, but these effects vary with the dose and time of treatment
and the osteoblast origin. The effect of vitamin D on differ-
entiation and mineralization is primarily stimulatory in human
and rat osteoblasts and inhibitory in murine osteoblasts. Al-
though most research indicates an inducing effect of osteoclasts
and osteoblasts, some studies have suggested that the main in
vivo pharmacological action of vitamin D, at least in a high state
of bone turnover, such as estrogen deficiency, is to suppress
osteoclastic bone resorption [18]. This induces uncertainty
regarding the role vitamin D plays in bone resorption, or de-
position and mineralization around the tooth undergoing or-
thodontic movement. In the present study, hDPSCs treated with
vitamin D demonstrated a significant dose-dependent decrease
in proliferation. The decrease in the number of cells was sig-
nificant with the vitamin D 1 x 10~ M treatment from 96 h; at
120h, all treatment concentrations (1x10™°M, 1x 10~°M, and
1x 107" M) induced a significant decline in cell number. This
reduced cell number is associated with a decline in cell pro-
liferation as no evident cell death was observed in any exper-
imental group. Similarly, Atkins et al. have demonstrated that
la-25-dihydroxyvitamin D3 (1,25-D3), an important metabo-
lite of vitamin D, considerably reduces the cell proliferation rate
at a concentration of 1x107>M, indicating that this is an
important physiological regulator of human osteoblast prolif-
eration [19]. Ji et al. have employed in vitro experiments to
clarify how 1,25-D3 induces osteogenic differentiation in stem
cells from the human periodontal ligament, noting a decrease in
cell proliferation when compared to the control group at dif-
ferent concentrations (0.01, 1, and 10 nM) following 24, 48, and
72h [3]. Wang et al. have investigated the effect of 1,25-D3 (0.01
and 0.02 nmol/L) on osteoblasts for 7 to 14 days and reported a
significant increase in the viability of osteoblasts; however,
depending on the dose administered, the results varied and
failed to produce significant cell differentiation [20]. Unlike
previous findings, another study using osteoblast-like MC3T3-
El cells treated with concentrations of vitamin D 1x 107,
1x107%2 and 1x 107 M failed to inhibit cell growth, dem-
onstrating a proliferation rate greater than that observed in the
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control group at all concentrations. However, an increase in the
expression of markers associated with cell differentiation was
observed [21]. Therefore, the effects of vitamin D directly de-
pend on the doses administered, inducing the osteogenic dif-
ferentiation of stem cells; however, depending on the medium,
the concentration and type of cells may or may not produce a
considerable decrease in cell proliferation.

Regarding the in vitro effect of vitamin E on MSC
proliferation, we observed a significant decline in the
number of cells at all doses (from 0.75 to 12 yM), from 120 h
of treatment. Studies evaluating changes in cell proliferation
induced by vitamin E treatment are contradictory: Fujita
et al. have investigated the action of vitamin E in mice
deficient in the transfer protein of a-tocopherol in com-
parison with a wild type mouse model, documenting that
osteoblastic differentiation and proliferation were not al-
tered by vitamin E [22]. Additionally, Urban et al. have
observed that vitamin E treatment did not increase the
osteoblast proliferation in vitro; however, they argue that
high doses of this vitamin can generate toxic effects pre-
venting osteoblast differentiation and proliferation [23].
Conversely, Ahn et al. have reported that the proliferation of
human MSCs increases after incubation with a-tocopherol
[24]. In a study by Wan Hasan et al., preosteoblastic MC3T3-
E1 cells treated with annatto-derived tocotrienol (a vitamin

E derivative), at doses of 5, 10, and 20 ug/mL for 3 to 6 days,
demonstrated a significant decrease in cell proliferation and
cell viability [4]. In our study, vitamin E treatment failed to
reduce the number of living cells at any dose evaluated.
Furthermore, morphological changes were evaluated in
cells treated with vitamins D and E. A lower cell density was
observed, directly proportional to the concentration used,
and cells presented greater extensions, with polygonal and
abundant cytoplasm. These changes are similar to those
reported by Wan Hasan et al., who detected morphological
changes in MC3T3-El preosteoblastic cells treated with a
vitamin E derivative (0.001-1 ug/mL), forming larger and
more cuboidal cells when compared to control cells [4, 25].
Additionally, Khanna-Jain et al. have determined that, at the
morphological level, vitamin D induces the proliferation of
pulp and dental follicular cells with a triangular, stellate, or
spindle-shaped morphology, in approximately 1-2 weeks,
subsequently presenting a network arrangement [26].
Meanwhile, Lou et al. have investigated the hypothesis that
la, 25-dihydroxyvitamin D3 plays a fundamental role in
mesenchymal cell morphology; cells cultured at a lower
density in normal growth medium appeared larger, flatter,
and spindle-shaped, while at a higher density following a 21-
day culture, they presented a fibroblast-like morphology,
depending on the dose administered. For example, 500 nM
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induces significant changes after 6 days, acquiring a more
polygonal shape, a characteristic associated with osteoblastic
cells [25].

Currently, no studies have evaluated the combined action of
vitamin D and vitamin E on mesenchymal cell differentiation.
The present study describes, for the first time, the changes
induced utilizing this combination. We observed that vitamins
D +E treatment induced a decrease in cell proliferation by 49%
after 8 days of treatment (192h), a value greater than that
observed with individual vitamin treatment.

Regarding the effect of these vitamins on osteoblastic
differentiation and mineralization in vitro, more mineral-
ized nodule formation was observed with alizarin red S
staining after combined vitamin treatment when compared
with individual treatments and the control.

After 14 days of treatment, vitamin D-treated cells
demonstrated a significant increase in the formation of
calcified nodules. Similarly, De Kok et al. have determined
that this vitamin induces osteoblastic differentiation in

human MSCs cultured for a period of 14 to 21 days, with a
greater formation of mineralized nodules after this period
[27]. Additionally, Khanna-Jain et al. have reported that
pulp and follicle stem cells form a mineralized matrix when
treated with vitamin D3 metabolites [26]. In another study,
treatment with vitamin D has demonstrated an increase in
the mineralized nodule number [28]. Ji et al. have shown an
increase in the number of mineralized nodules in human
periodontal ligament mesenchymal cells treated with vita-
min D [3]. Similarly, we observed that vitamin E increased
the number of calcified nodules similar to that induced by
vitamin D treatment. Furthermore, Wan Hasan et al. have
demonstrated similar results in MC3T3-E1 cells treated with
different concentrations of vitamin E (0.001-1 ug/mL),
where the intensity of positive alizarin red S staining in-
creased from day 3 to day 21 in all experimental groups [4].

Vitamin D induced an increase in the expression of cell
differentiation genes, including RUNX2, OSX, and OCN
after 14 days of treatment, with decreased expression
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observed after 21 days. Similarly, Curtis et al. have reported
that OCN expression increases significantly in human MSCs
treated with 10nM vitamin D3 mainly on day 14 [29].
Conversely, Posa et al. have demonstrated that RUNX2
expression increases significantly at 7 and 14 days, de-
creasing after 21 days of vitamin D treatment in stem cells
derived from the dental bud (DBSCs) [30]. Our results differ
from those obtained by Kim et al., who have observed early
changes in ALP, collagen-1 (Col-1), and OCN expression in
MC3T3-E1 cells treated with 1x107'%, 1x107", and
1x107"*M of 1,25-dihydroxyvitamin D3 [21]. These dif-
ferences could be attributed to the dose range and the type of
cells analyzed. Furthermore, Wan Hasan et al. have observed
that genes such as OSX, COLLI alpha-1 (COL1al), ALP, and
OCN significantly increase in cells treated with vitamin D
from 3 to 15 days [4].

Regarding vitamin E, few studies have evaluated the
expression of different genes involved in osteogenic dif-
ferentiation, owing to a poor understanding of its mecha-
nism of action and the lack of consensus regarding the
appropriate dose for therapeutic effects. In the present study,
we observed that vitamin E increased the expression of the
OSX and RUNX2 genes at 14 days, with a decrease observed
following 21 days of treatment. Meanwhile, OCN increased
after 14 days and remained elevated even after 21 days of
treatment. In a study performed by Ahn et al, 68 genes

involved in osteogenesis and osteoclastogenesis were eval-
uated during differentiation of MSCs treated with vitamin E,
and RUNX2 demonstrated a 1.5-fold increase in expression
following vitamin E treatment, suggesting that vitamin E had
a positive effect on the expression of osteogenic differenti-
ation genes in MSCs [24]. Conversely, Wan Hasan et al. have
determined that treatment with annatto-derived vitamin E
induces an increase in the expression of osteoblastic dif-
ferentiation genes such as OSX, COLlal, ALP, and OCN,
depending on the time of treatment [4].

In the present study, the vitamins D and E combination
induced a decrease in cell proliferation (49%) greater than
that observed with individual treatments, with evident
morphological changes, demonstrating larger cells and with
extensive prolongations. Additionally, we observed a min-
imal increase in the formation of calcified nodules when the
two vitamins were applied concurrently, which was asso-
ciated with an increase in the expression of osteoblasto-
genesis marker genes, including RUNX2, OSX, and OCN,
which may suggest a synergistic and nonadditive effect on
the induction of osteoblastic differentiation in MSCs.

There are no reports in the literature on the effect of
concurrent applications of vitamins D and E on mesen-
chymal cells. To date, vitamins A and D have been compared
in a study by Bosetti et al., reporting that osteoblast-like cells
can respond to differentiation-inducing stimuli at any stage
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of their lifetime; however, they failed to evaluate the con-
current use of both vitamins [31]. Additionally, Gigante et al.
have observed that vitamin K alone or in combination with
vitamin D induces cell differentiation in MSCs. The com-
bination of both vitamins generates a synergistic effect in the
differentiating these stem cells toward osteoblasts [32].

5. Conclusions

Our findings suggest that vitamins D and E induce the
osteoblastic differentiation of hDPSCs, as demonstrated by
decreased cell proliferation, morphological changes, and the
formation of calcified nodules, with an increased expression
of differentiation genes such as RUNX2, OSX, and OCN.
Further, simultaneous treatment with vitamins D +E in-
duces a synergistic effect in differentiation toward an os-
teoblastic lineage.

Data Availability

The data used to support the findings of this study are
available from the corresponding author upon request.

Ethical Approval

This work was approved by the Ethics Committee of Uni-
versidad El Bosque Bogota Colombia (Minutes no.013-
2018).

Conflicts of Interest

The authors declare that they have no conflicts of interest.

Acknowledgments

The authors would like to thank Dr. Erika Vanessa Bello,
Dr. Alejandra Chinchilla, and Dr. Viviana Murcia, or-
thodontic graduate students at the Universidad El Bos-
que, for their technical contribution, and Dr. Ingrid
Mora, Professor at the Faculty of Dentistry at the Uni-
versidad El Bosque, for her methodological advice. The
authors are especially grateful to Dr. Myriam Velandia-
Romero for her helpful advice during the cell experi-
ments. This work was supported by grants from Uni-
versidad El Bosque (UEB), Project Code: PCI 2017-9551.

References

[1] A. Alfawal, M. Hajee, and M. Ajaj, “Effectiveness of minimally
invasive surgical procedures in the acceleration of tooth
movement: a systematic review and meta-analysis,” Progress
in Orthodontics, vol. 17, p. 33, 2016.

[2] A. D. Camacho and S. A. Veldsquez, “Dental movement
acceleration: literature review by an alternative scientific
evidence method,” World Journal of Methodology, vol. 4,
no. 3, pp. 151-162, 2014.

[3] Y. Ji, P. Zhang, Y. Xing et al., “Effect of 1a, 25-dihydrox-
yvitamin D3 on the osteogenic differentiation of human
periodontal ligament stem cells and the underlying regulatory
mechanism,” International Journal of Molecular Medicine,
vol. 43, no. 1, pp. 167-176, 2018.

[4] W. N. Wan Hasan, N. Abd Ghafar, K.-Y. Chin, and S. Ima-
Nirwana, “Annatto-derived tocotrienol stimulates osteogenic
activity in preosteoblastic MC3T3-E1 cells: a temporal se-
quential study,” Drug Design, Development and Therapy,
vol. 12, pp. 1715-1726, 2018.

S. Soeta, M. Higuchi, I. Yoshimura, R. Itoh, N. Kimura, and

H. Aamsaki, “Effects of vitamin E on the osteoblast differ-

entiation,” Journal of Veterinary Medical Science, vol. 72,

no. 7, pp. 951-957, 2010.

I. Mortada and R. Mortada, “Dental pulp stem cells and

osteogenesis: an update,” Cytotechnology, vol. 70, no. 5,

pp. 1479-1486, 2018.

[7] S. Noda, N. Kawashima, M. Yamamoto et al., “Effect of cell

culture density on dental pulp-derived mesenchymal stem

cells with reference to osteogenic differentiation,” Sci Rep,

vol. 9, no. 1, p. 5430, 2019.

S. Gronthos, J. Brahim, W. Li et al., “Stem cell properties of

human dental pulp stem cells,” Journal of Dental Research,

vol. 81, no. 8, pp- 531-535, 2002.

E. Flores-Figueroa, J. J. Monasterios, and H. Mayani, “Celulas

troncales mesenquimales: historia, biologia y aplicacién

clinica,” Revista de Investigacion Clinica, vol. 58, pp. 498-511,

2006.

[10] M. Dominici, K. Le Blanc, I. Mueller et al., “Minimal criteria
for defining multipotent mesenchymal stromal cells. The
International Society for Cellular Therapy position state-
ment,” Cytotherapy, vol. 8, no. 4, pp. 315-317, 2006.

[11] L. Escobar and F. A. Aristizabal, “Aplicacion de un metodo
fluorometrico para evaluar la proliferacion celular en lineas
celulares  tumorales,” Vitae, Rev  Fac  Quimica
Farmaceutica, vol. 17, pp. 173-180, 2010.

[12] P. A. Baldién, M. L. Velandia-Romero, and J. E. Castellanos,
“Odontoblast-like cells differentiated from dental pulp stem
cells retain their phenotype after subcultivation,” Interna-
tional Journal of Cell Biology, vol. 2018, Article ID 6853189,
12 pages, 2018.

[13] J. H. Schefe, K. E. Lehmann, I. R. Buschmann, T. Unger, and
H. Funke-Kaiser, “Quantitative real-time RT-PCR data
analysis: current concepts and the novel “gene expression’s C
T difference” formula,” Journal of Molecular Medicine, vol. 84,
no. 11, pp. 901-910, 2006.

[14] C. A. Gregory, W. Grady Gunn, A. Peister, and D. J. Prockop,
“An Alizarin red-based assay of mineralization by adherent
cells in culture: comparison with cetylpyridinium chloride
extraction,” Analytical Biochemistry, vol. 329, no. 1, pp. 77-84,
2004.

[15] N. Gkantidis, I. Mistakidisb, N. T. Pandisa, and N. Pandis,
“Effectiveness of non-conventional methods for accelerated
orthodontic tooth movement: a systematic review and meta-
analysis,” Journal of Dentistry, vol. 42, no. 10, pp. 1300-1319,
2014.

[16] T. Kouskoura and T. Takano-Yamamoto, “Local injection of
1,25-dihydroxyvitamin D3 enhanced bone formation for
tooth stabilization after experimental tooth movement in
rats,” Journal of Bone and Mineral Metabolism, vol. 22, no. 6,
pp. 541-546, 2004.

[17] P. M. Collins and P. M. Sinclair, “The local use of vitamin D to
increase the rate of orthodontic tooth movement,” American
Journal of Orthodontics and Dentofacial Orthopedics, vol. 94,
no. 4, pp. 278-284, 1988.

[18] T. Shibata, A. Shira-Ishi, T. Sato et al., “Vitamin D hormone
inhibits osteoclastogenesis in vivo by decreasing the pool of
osteoclast precursors in bone marrow,” Journal of Bone and
Mineral Research, vol. 17, no. 4, pp. 622-629, 2002.

[5

[6

[8

[9



10

(19]

(20]

(21]

(22]

(23]

[24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

G.]J. Atkins, P. H. Anderson, D. M. Findlay et al., “Metabolism
of vitamin D3 in human osteoblasts: evidence for autocrine
and paracrine activities of 1a,25-dihydroxyvitamin D3,” Boue,
vol. 40, no. 6, pp. 1517-1528, 2007.

D. O’Loughlin, J. Song, and H. Ma, “An in vitro experimental
insight into the osteoblast responses to vitamin D3 and its
metabolites,” Pharmacology, vol. 101, no. 5-6, pp. 225-235,
2018.

H.-S. Kim, M. Zheng, D.-K. Kim, W.-P. Lee, S.-J. Yu, and
B.-O. Kim, “Effects of 1,25-dihydroxyvitamin D3on the dif-
ferentiation of MC3T3-E1 osteoblast-like cells,” Journal of
Periodontal & Implant Science, vol. 48, no. 1, pp. 34-46, 2018.
K. Fujita, M. Iwasaki, H. Ochi et al,, “Erratum: vitamin E
decreases bone mass by stimulating osteoclast fusion,” Nature
Medicine, vol. 18, no. 9, p. 1445, 2012.

K. Urban, H. J. Hohling, B. Luttenberg, T. Szuwart, and
U. Plate, “An in vitro study of osteoblast vitality influenced by
the vitamins C and E,” Head ¢ Face Medicine, vol. 8, p. 25,
2012.

K. H. Ahn, H. K. Jung, S. E. Jung et al., “Microarray analysis of
gene expression during differentiation of human mesenchy-
mal stem cells treated with vitamin E in vitro into osteoblasts,”
Korean Journal of Bone Metabolism, vol. 18, pp. 23-32, 2011.
Y. R. Lou, T. C. Toh, Y. H. Tee, and H. Yu, “25-Hydrox-
yvitamin D3 induces osteogenic differentiation of human
mesenchymal stem cells,” Scientific Reports, vol. 7, p. 42816,
2017.

R. Khanna-Jain, A. Vuorinen, G. K. B. Sdndor, R. Suuronen,
and S. Miettinen, “Vitamin D3 metabolites induce osteogenic
differentiation in human dental pulp and human dental
follicle cells,” The Journal of Steroid Biochemistry and Mo-
lecular Biology, vol. 122, no. 4, pp. 133-141, 2010.

I. J. De Kok, K. C. Hicok, R. J. Padilla, R. G. Young, and
L. F. Cooper, “Effect of vitamin D pretreatment of human
mesenchymal stem cells on ectopic bone formation,” Journal
of Oral Implantology, vol. 32, no. 3, pp. 103-109, 2006.

F. Mojarad, I. Amiri, R Rafatjou, A. Janeshin, and
M. Farhadian, “The effect of 1,25(OH)2D3 on osteogenic
differentiation of stem cells from dental pulp of exfoliated
deciduous teeth,” Journal of Dentistry (Shiraz), vol. 17,
pp. 348-353, 2016.

K. M. Curtis, K. K. Aenlle, B. A. Roos, and G. A. Howard,
“24R,25-Dihydroxyvitamin D3Promotes the osteoblastic
differentiation of human mesenchymal stem cells,” Molecular
Endocrinology, vol. 28, no. 5, pp. 644-658, 2014.

F. Posa, A. Di Benedetto, G. Colaianni et al., “Vitamin D
effects on osteoblastic differentiation of mesenchymal stem
cells from dental tissues,” Stem Cells International, vol. 2016,
Article ID 9150819, 9 pages, 2016.

M. Bosetti, M. Sabbatini, A. Calarco, A. Borrone, G. Peluso,
and M. Cannas, “Effect of retinoic acid and vitamin D3 on
osteoblast differentiation and activity in aging,” Journal of
Bone and Mineral Metabolism, vol. 34, no. 1, pp. 65-78, 2016.
A. Gigante, M. Torcianti, E. Boldrini et al., “Vitamin K and D
association stimulates in vitro osteoblast differentiation of
fracture site derived human mesenchymal stem cells,” Journal
of Biological Regulators and Homeostatic Agents, vol. 22,
pp. 35-44, 2008.

International Journal of Dentistry



