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Abstract: Background and Objectives: Human dental pulp cells (HDPCs) can be used for dentin regen-
eration due to its odontogenic differentiation property. Icariin can induce osteogenic differentiation
of stem cells. However, its potential to induce odontogenic differentiation of HDPCs remains unclear.
Thus, the aim of this study was to evaluate the capacity of icariin to induce odontogenic differ-
entiation of HDPCs and investigate the underlying molecular mechanism. Materials and Methods:
Cell viability assay was used to detect the cytotoxicity of icariin to HDPCs. Effect of icariin on
HDPCs chemotaxis was measured by scratch migration assay. The mineralized and odontogenic
differentiation of HDPCs was assessed by alkaline phosphatase (ALP) staining, alizarin red S (ARS)
staining, real-time PCR, and Western blot of dentin matrix protein 1 (DMP 1) and dentin sialophos-
phoprotein (DSPP). In addition, Mitogen-activated protein kinase (MAPK) signaling pathway of
icariin-induced biomineralization was investigated by Western blot. Results: Cells treated with icariin
at all concentrations tested maintained viability, indicating that icariin was biocompatible. Icariin
accelerated HDPCs chemotaxis (p < 0.05). Expression levels of related odontogenic markers were
increased in the presence of icariin (p < 0.05). Icariin-induced odontogenic differentiation occurred
via activation of the MAPK signaling pathway. Furthermore, MAPK inhibitors suppressed expression
levels of DSPP and DMP 1 protein, ALP activity, and mineralization of HDPCs. Conclusions: Icariin
can upregulate odontogenic differentiation of HDPCs by triggering the MAPK signaling pathway.

Keywords: icariin; odontogenesis; mineralization; human dental pulp cell

1. Introduction

Dental pulp is a kind of vascularized and innervated tissue that could maintain
homeostasis and physiological vitality of teeth by transporting oxygen and nutrients [1]. A
series of serious consequences such as pulpitis, apical periodontitis, and tooth extraction
could be caused by losing pulp viability after pulp exposure [2,3]. Therefore, it is necessary
to keep pulp viability for the longevity of teeth.

Nowadays, direct pulp capping and pulpotomy are main therapeutic ways to preserve
pulp vitality [4]. Compared with pulpotomy, direct pulp capping has attracted more
attention due to its advantages of being more conservative and easier operation [5]. The
prognosis of direct pulp capping depends on the biocompatibility of the material which
could directly cover exposure pulp tissue to induce odontogenic differentiation of human
dental pulp cells (HDPCs) and subsequently form reparative dentine [6,7]. Therefore, a
pulp capping material with weak cytotoxicity and good odontogenesis ability is needed
based on the understanding of repair processes of pulp tissue [8,9].
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Icariin (4′-O-methyl-8-γ, γ-dimethylallylkaempferol-3-rhamnoside-7 glucoside) is
flavonoid glucoside derived from the plant genus Epimedium [10]. Accumulating ev-
idence has indicated that icariin exhibits multi functions, including promoting cell mi-
gration and proliferation [11], stimulating angiogenesis, repressing bone resorption, and
promoting bone formation [10,12–16]. So far, it has been proposed that odontogenesis
and osteogenesis share a similar dynamic procedure and mechanism in the process of
the mineral phase, including cell migration, extracellular matrix synthesis, and calcium
ion deposition [7,8,17–20]. Here, we evaluated the biocompatibility and effect of icariin
on odontogenic capacity human dental pulp cells. We further explored its underlying
molecular mechanism.

2. Materials and Methods
2.1. Sample Collection, Cell Isolation, and Cell Culture

The Institutional Review Board of Chonnam National University Dental Hospital
approved this study (IRB No: CNUDH 2016-009). Written informed consents were ob-
tained from all participants. Pulp cells of human third molars were isolated from healthy
participants. Immediately after tooth extraction, the pulp tissue was separated aseptically
and minced (1 mm3) using a surgical scissor. Pulp tissues were placed in a 60 mm dish
containing α-minimum essential medium (α-MEM, Gibco Invitrogen, Grand Island, NY,
USA) supplemented with 10% fetal bovine serum (FBS, Gibco Invitrogen, Grand Island, NY,
USA), 100 U/mL penicillin, and 100 mg/mL streptomycin (Gibco Invitrogen, Grand Island,
NY, USA) and incubated at 37 ◦C with 5% CO2. Every 3 days, the culture medium was
changed. When cell confluence reached 75–80%, subculture was performed for expansion.
They were passaged at a 1:3 ratio. Passages 3–5 were used in subsequent experiments.

2.2. Icariin Treatment

Icariin (10 mg) was purchased from Sigma (Proproof, Dutendorfer, Germany). Icariin
was diluted with dimethyl sulphoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA)
according to the manufacturer’s instruction to obtain concentrations of 0.1 µM, 1 µM,
10 µM, and 100 µM. Different concentrations were added to growth medium (GM) to
evaluate its effect on HDPCs.

2.3. Cytotoxicity Assay

Cell viability assays were carried out using an Ez-Cytox Enhance cell viability assay kit
(Dogen, Seoul, Korea). Briefly, 2 × 103 cells/well of HDPCs were seeded in 96-well plates
and incubated at 37 ◦C under 5% CO2 for 24, 48, 72 h. To avoid evaporation of the medium
at the edge of the plate, Dulbecco’s buffered phosphate saline solution (DPBS; Welgene,
Daegu, Korea) was placed into wells of each edge. Subsequently, icariin at different
concentrations (0.1 µM, 1 µM, 10 µM, 100 µM) was added to different groups. After a
period of incubation, 10 µL Ez-Cytox reagent was added to each well. After incubation
for 2 h, optical densities were measured at 450 nm using a microplate spectrophotometer
reader (Thermo Scientific, Waltham, MA, USA).

2.4. Odontogenic Differentiation

For odontogenic potential experiments, confluent cells were induced in odontogenic
differentiation medium (OM) by supplementing 50 µg/mL of ascorbic acid (Sigma-Aldrich,
St. Louis, MO, USA) and 10 mmol/L β-glycerophosphate (Stata Cruz Biotechnology Inc.,
Dallas, TX, USA) in the growth medium mentioned above. Icariin was added at 0.1 µM,
1 µM, or 10 µM to the OM. The medium was refreshed every two days.

2.5. Scratch Migration Assay

To detect the capability of HDPCs treated with icariin for chemotaxis, a total of 2 mL
(3 × 105 cells) of cells was seeded into 6-well plates. After overnight incubation, scratches
were created using 200 µL pipette tips and washed twice with DPBS. To quantify wound



Medicina 2022, 58, 434 3 of 10

migration area over time, images was captured at 0, 6, 12, and 24 h with a microscope
(Olympus, Tokyo, Japan). Relative areas of cell migration were quantified by densitometry
using ImageJ (National Institutes of Health, Bethesda, MD, USA).

2.6. Alizarin Red S (ARS) Staining Assay and Alkaline Phosphatase (ALP) Staining Assay

To evaluate calcium deposits, HDPCs were seed at an initial density of 2 × 104 cells
per well in a 48-well plate. Cells were incubated with GM and OM in the presence or
absence of icariin at 0.1 µM, 1 µM, or 10 µM for 14 days. After that, cells were gently rinsed
with DPBS and fixed with absolute ethanol (Emsure, Darmstadt, Germany) for 30 min at
room temperature, followed by removal of absolute ethanol. Wells were allowed to dry
completely. Fixed cells were dyed with 2% Alizarin red S (Lifeline Cell Technology, Frede-
erick, MD, USA) for 20 min for color development. Excess stain was removed by repetitive
washing with distilled water. Stained samples were scanned using an EPSON Perfection
V550 Photo (EPSON, Los Alamitos, CA, USA). For quantitative analysis, calcium deposits
were dissolved with 10% cetylpyridinium chloride (CPC, PH = 7.0). The absorbance of
the supernatant was measured at 540 nm using a microplate spectrophotometer reader
(Thermo Scientific, Waltham, MA, USA).

Alkaline phosphatase (ALP) activity was assayed after treatment with different con-
centrations of icariin. At 10 days after treatment, cells were fixed with 70% ice-cold ethanol
and then stained with 250 µL of 1-step NBT/BCIP reagent (Thermo Fisher Scientific Inc.,
Rockford, IL, USA) for 30 min. Stained samples were scanned as described earlier. Stained
mineralization nodules were immersed in 300 µL of 10% CPC for 30 min and the absorbance
was measured at 562 nm.

2.7. RNA Isolation and Gene Expression Analysis by Quantitative Real-Time Polymerase
Chain Reaction

The following experiments were performed to quantify mRNA expression levels of
specific odonto/osteogenic differentiation genes, including dentin matrix protein 1 (DMP
1), dentin sialophosphoprotein (DSPP), runt-related transcription factor 2 (RUNX2), al-
kaline phosphatase (ALP), osteocalcin (OCN), and bone sialoprotein (BSP). After 24 h of
incubation, cells were incubated in a 6-well plate at an initial density of 2 × 105. Cells were
then incubated with GM and OM in the presence or absence of 10 µM icariin for 3 and
5 days. Total RNAs were isolated from cells using Trizol (Invitrogen, Carlsbad, CA, USA).
RNA concentration and purity were evaluated with a NanoDropTM 2000 spectropho-
tometer (Thermo Fisher Scientific, Rockford, IL, USA), followed by cDNA synthesis from
2 µg total RNA using an AccessQuickTM RT-PCR system (Promega, Madison, WI, USA).
Amplification was conducted using a SYBR Green PCR Kit (Qiagen, Valencia, CA, USA)
on a Rotor-Gene Q real-time PCR Cycler (Corbett Research, Sydney, Australia). Target
gene expression levels were normalized with the expression of Glyceraldehyde-phosphate
dehydrogenase (GAPDH). Sequences of primer were synthesized by Bioneer (Daejeon,
Korea). They are listed in Table 1. Fold change was calculated with the 2−∆∆CT method [21].

2.8. Western Blot Analysis

To determine if icariin could improve the expression of odontogenic differentiation
protein and activate the MAPK signaling pathway, HDPCs were seeded into 60 mm dishes
with a density of 3× 105 cells/well and incubated with OM with or without icariin at 10 µM
for 3 and 5 days. After stimulation, cells were lysed in protein lysis buffer (Cell Signaling
Technology, Beverly, MA, USA) containing 1 mM protease inhibitor phenylmethanesulfonyl
(PMSF). Protein concentration was quantified using a lower protein assay reagent (Bio-
Rad Laboratories, Hercules, CA, USA). Equivalent protein samples were subjected to 10%
sodium dodecyl sulphate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to polyvinylidene difluoride membranes. Membranes were blocked with 5% skim milk
dissolved in PBS containing 0.1% Tween 20 (PBST) (Biosesang, Sungnam, Korea) for 1 h.
By probing the membrane with a primary antibody, the specific protein of interest was
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detected. Primary antibodies included anti-DSPP (Thermo Fisher Scientific, Rockford,
IL, USA), anti-DMP-1(Abcam, Cambridge, UK), anti-ERK, anti-phospho-ERK, anti-JNK,
anti-phosphor-JNK, anti-p38, and anti-phosphos-p38 (Cell Signaling Technology, Beverly,
MA, USA). After incubating with primary antibodies at 4 ◦C overnight, membranes were
washed with PBST and incubated with horseradish peroxidase-conjugated secondary
antibodies (Sigma-Aldrich, St. Louis, MO, USA). Finally, immunoreactive bands were
visualized with a Western blot analysis imaging system (Ez-capture; Atto, Tokyo, Japan).

Table 1. List of Primer Sequences included in this study for real-time PCR.

Genes Primer Sequences (5′-3′)

DMP 1
Forward: TGG TCC CAG CAG TGA GTC CA
Reverse: TGT GTG CGA GCT GTC CTC CT

DSPP
Forward: GGG AAT ATT GAG GGC TGG AA
Reverse: TCA TTG TGA CCT GCA TCG CC

RUNX2
Forward: CCA GAT GGG ACT GTG GTT AC
Reverse: ACT TGG TGC AGA GTT CAG GG

ALP
Forward: CGG GCA CCA TGA AGG AAA

Reverse: GGC CAG ACC AAA GAT AGA GTT

OCN
Forward: CTC ACA CTC CTC GCC GTA TT
Reverse: GCT CCC AGC CAT TGA TAC AG

BSP
Forward: AGC GAA GCA GAA GTG GAT GAA

Reverse: CTG CAT TGG CTC CAG TGA CA

GAPDH
Forward: CAT CAC CAT CTT CCA GGA G
Reverse: AGG CTG TTG TCA TAC TTC TC

2.9. Statistical Analysis

Three independent experiments were performed. All experiment data were normal-
ized against the control and expressed by mean ± standard deviation (SD). All statistical
analyses of data were performed using GraphPad Prism 8 (GraphPad software Inc., San
Diego, CA, USA). Statistical differences were determined using one-way analysis of vari-
ance (AVOVA) followed by Turkey’s post. Statistical significance was accepted at p < 0.05.

3. Results
3.1. Effects of Icariin on Cell Viability and Migration of HDPCs

To assess cytotoxicity of icariin at different concentrations (0, 0.1, 1, 10, and 100 µM),
the WST-1 assay was performed. Icariin at concentrations ranging from 0.1 to 100 µM
did not affect cell viability up to 72 h (Figure 1A). Therefore, icariin at all concentrations
tested was biocompatible. Its effect on HDPCs migration and odontogenesis were subse-
quently investigated.

To examine the migration capability of HDPCs after icariin treatment, scratch migra-
tion assay was performed. As shown in Figure 1B,C, icariin enhanced the migration of
HDPCs at 6 h when compared with the GM group. After 12 h, the migration of HDPCs in
the icariin treated group was significant increased over that in the OM group (* p < 0.05,
** p < 0.01, *** p < 0.001).

3.2. Icariin Accelerated ALP Activity and Mineralization Ability of HDPCs

To detect the effect of icariin on mineralization of HDPCs, we measured ALP activity
and calcium nodule deposition. After 10 days of induction, icariin at all concentrations
significantly improved ALP activity when compared with the GM group (Figure 2A,B)
(*** p < 0.001). Although cells were stimulated with 0.1 or 1 µM icariin showed compara-
ble results with the OM group, a remarkable increase of ALP staining was observed in
the 10 µM icariin group (## p < 0.01). Based on ARS staining, mineralization was dose-
dependently enhanced by icariin after 14 days of treatment when compared with the GM
group (*** p < 0.001). Treatment with 1 µM or 10 µM icariin significantly increased mineral-
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ization compared to the OM group (Figure 2C,D) (## p < 0.01, and ### p < 0.001). Based on
our results, the concentration of 10 µM icariin was selected for subsequent experiments.

Figure 1. Effect of icariin on cytotoxicity and migration of HDPCs. (A) HDPCs were exposed to icariin
at different concentrations for 24, 48, 72 h. Medium without icariin was used as a negative control
(p > 0.05). (B) HDPCs were cultured with or without 10 µM icariin. Images of HDPCs migration were
captured at 0, 6, 12, and 24 h (scale bar = 1000µM). (C) Quantitative analysis of wound migration area
was normalized to GM. Bars show means ± standard deviation (* p < 0.05, ** p < 0.01, *** p < 0.001,
HDPCs: human dental pulp cells, GM: growth medium, OM: odontogenic differentiation medium).

Figure 2. Mineralization of HDPCs after icariin treatment. (A,B) HDPCs were treated with different
doses of icariin, displaying increased ALP activity at 10 days. (C,D) Treatment with icariin increased
the capability of forming mineralized nodules on HDPCs at 14 days. Results were normalized to GM.
Bars show means ± standard deviation (** p < 0.01 and *** p < 0.001 compared to GM; ## p < 0.01 and
### p < 0.001 compared to the OM without icariin treatment, ALP: alkaline phosphatase, ARS: alizarin
red S).
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3.3. Effect of Icariin on Gene Expression and Protein Expression of Odontogenic Markers
in HDPCs

To study the impact of icariin on odontogenic differentiation of HDPCs, we examined
expression levels of odontogenic marker genes such as DMP 1, DSPP, RUNX2, ALP, OCN,
and BSP on day 3 and day 5. We found that icariin increased the expression levels of
DMP 1, DSPP, RUNX2, ALP, OCN, and BSP mRNAs on day 3 (Figure 3A) (* p < 0.05,
** p < 0.01). Such up-regulation expression was more significant on day 5 (Figure 3B)
(* p < 0.05, ** p < 0.01, *** p < 0.001). Western blot analysis results showed that icariin
increased DSPP and DMP 1 protein levels, consistent with the above up-regulation results
of genes (Figure 3C). Collectively, these findings suggest that 10 µM icariin could increase
the odontogenic differentiation of HDPCs.

Figure 3. Effect of icariin on odontogenic differentiation of HDPCs. (A,B) Effect of icariin treatment
on the expression of odontogenic differentiation markers at mRNA level. HDPCs were treated with
10 µM of icariin for 3 or 5 days. Expression levels of DSPP, DMP 1, ALP, BSP, OCN, and RUNX 2
mRNAs were measured by quantitative real-time PCR. Gene expression was normalized against
GAPDH (* p < 0.05, ** p < 0.01, *** p < 0.001). (C) DSPP and DMP 1 protein levels were upregulated after
treatment with icariin at 3 or 5 days compared with both GM and OM. Bars show means ± standard
deviation (DMP 1: dentin matrix protein 1, DSPP: dentin sialophosphoprotein, RUNX2: runt-
related transcription factor 2, OCN: osteocalcin, BSP: bone sialoprotein and GAPDH: Glyceraldehyde-
phosphate dehydrogenase).

3.4. Icariin-Mediated Activation of Mitogen-Activated Protein Kinase Signaling during
Odontogenic Differentiation of HDPCs

To elucidate the molecular mechanism involved in the stimulation of HDPCs differ-
entiation by icariin, we investigated the role of mitogen-activated protein kinase (MAPK)
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pathway during icariin-promoted odontogenic differentiation. We measured total protein
and phosphorylated protein levels of JNK, p38, and ERK using Western blot. Results
showed that icariin increased phosphorylation levels of JNK, p38, and ERK within 10 min
after induction (Figure 4A).

Figure 4. MAPK signaling pathway involved in icariin-mediated odontogenic differentiation of
HDPCs. (A) Icariin activated MAPK pathways in HDPCs, JNK, p38, and ERK total proteins and
phosphorylated proteins were assayed by western blot for the indicated time points (0, 5, 10, 30, and
60 min). (B) MAPK inhibitors (SP600125, SB202190, and U0126) suppressed expression levels of DSPP
and DMP 1 proteins. (C,D) Icariin induced ALP activities were significantly blocked by the presence
of MAPK inhibitors. (E,F) Icariin enhanced calcium deposition of HDPCs by mainly restraining
MAPK inhibitors. Results were normalized to OM. Bars show means± standard deviation (## p < 0.01
compared to OM; *** p < 0.001 compared to OM with icariin treatment). (MAPK: Mitogen-activated
Protein Kinase, SP600125: JNK inhibitor, SB202190: p38 inhibitor, and U0126: ERK inhibitor).

To further explore the effect of icariin on JNK, p38, and ERK signaling involved
in icariin-induced enhancement of the differentiation phenotype, cells were pretreated
with or without inhibitors SP600125 (JNK inhibitor), SB202190 (p38 inhibitor), and U0126



Medicina 2022, 58, 434 8 of 10

(ERK inhibitor) (Cell Signaling Technology, Beverly, MA, USA) and then treated with or
without icariin. Expression levels of DSPP and DMP 1 protein (Figure 4B) were significantly
suppressed by the presence of MAPK inhibitors. After 10 or 14 days, the ALP level
(Figure 4C,D) and calcium deposition (Figure 4E,F) in inhibitor (SP600125, SB202190 and
U0126) treated groups were significantly downregulated when compared to those in the
OM and OM + icariin groups.

4. Discussion

Currently, icariin has gained attention due to its bone remodeling properties [10,14],
anti-inflammatory effect [22], and angiogenesis-stimulating ability [23] in different fields,
revealing a promising therapeutic advantage in vital pulp therapy. Despite that, to date,
the role of icariin in odontogenic differentiation in HDPCs has not been reported yet.
Therefore, this is the first study to provide evidence that icariin can affect the odontogenic
differentiation of HDPCs.

The biocompatibility of icariin must be evaluated prior to clinical use because it is
directly related to the health of dental pulp tissues. In the present study, icariin treatments
at all concentrations tested were biocompatible as cell viability was maintained, although
100 µM icariin showed a tendency to decrease cell viability (not significant). This finding
was different from the report by Fan [24]. Such difference might be related to different cell
types and culture criteria tested.

Tertiary dentin generation is a key factor in vital pulp therapy, which depends on
injured areas cell migration, early odontoblastic differentiation and late biomineralization
capacity of HDPCs [9,25]. In the current study, a series of experiment results demonstrated
the odontogenic effect of icariin. First, icariin significantly upregulated the chemotaxis of
HDPCs based on scratch migration assay. Migration is an initial tissue healing process and
repair response. When carious pulp is exposed, undifferentiated progenitor cells residing
around the exposure tissue will migrate into injured sites [20]. Under the influence of
medication, pulp will heal and promote reactionary dentin formation. Therefore, the ability
of cells to migrate is beneficial to tissue reparation [26]. Second, DSPP and DMP-1 were two
classic odontogenic differentiation markers as members of the small integrin-binding ligand
N-linked glycoproteins family (SIBLINGs) [9,27–29]. Our results showed that 10 µM icariin
enhanced mRNA and protein expression levels of DSPP and DMP-1 known to play a vital
role in the progression and formation of pulp-dentin complex [30,31]. Third, osteoblasts
and odontoblasts share some similar gene expression, including RUNX2, ALP, OCN, and
BSP. RUNX2 and ALP are related to the expression of early-stage markers in bone and
dentine. RUNX2 is also a key transcription factor associated with odontogenesis [32,33].
Expression levels of BSP and OCN are essential in the late stage of mineralization and
tooth development [32,34]. In this study, RUNX2, ALP, OCN, and BSP mRNA levels were
obviously upregulated in HDPCs when stimulated by icariin, which further validated that
icariin could elevate biomineralization and odontoblastic differentiation. Lastly, this study
displayed that icariin recognizably increased odontogenesis verified by ALP activity and
calcified nodule formation. These results corroborated that icariin could be considered as a
novel agent for odontogenic differentiation of HDPCs.

Cytodifferentiation is an intricate dynamic process that involves the coordination of
multiple signaling pathways. Cells perceive variations from the extracellular setting and
make a response. MAPK signaling cascades have been proven to be related to a diverse
array of cellular programs which include cellular migration, proliferation, differentiation,
and apoptosis [35,36]. Our recent publication has demonstrated that the MAPK signaling
pathway can positively influence odontogenic differentiation of HDPCs [21,37,38]. Results
of the present showed that icariin increased phosphorylation levels of JNK, p38, and
ERK within 10 min of induction. In the collaborative experiment, expression levels of
DSPP and DMP 1 protein, ALP activity, and the formation of calcium nodules could be
partially suppressed by corresponding inhibitors, respectively. This is also consistent with
previous research showing that icariin can promote osteoblast differentiation, proliferation,
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and mineralization by activating MAPK signaling [35,36]. Taken together, our present
results provide direct evidence that icariin can enhance odontogenesis of HDPCs. As a
promising agent, icariin provides new insights into vital pulp therapy. However, further
in-depth investigation is a prerequisite to demonstrate precise signaling mechanisms and
its therapeutic utility.

5. Conclusions

In conclusion, icariin is biocompatible. It can accelerate odontogenic differentiation
and mineralization by triggering MAPK signaling pathway in HDPCs.

Author Contributions: Conceptualization, G.L. and Y.-C.H.; Writing original draft preparation, G.L.
and Y.-C.H.; Methodology, G.L. and Y.Y.; writing, review and editing, G.L., Y.-C.H., Y.Y., K.-S.M. and
B.-N.L.; Supervision, Y.-C.H.; Funding acquisition, Y.-C.H. All authors have read and agreed to the
published version of the manuscript.

Funding: This research was funded by a Chonnam National University (GN: 2020-1833) and National
Research Foundation of Korea grant funded by the Korean government (NRF-2020R1F1A1048271).

Institutional Review Board Statement: This study was approved by the Institutional Review Board
of Chonnam National University Dental Hospital, Gwangju, Korea (IRB No. 2016-009).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.

Data Availability Statement: Data sharing is not applicable.

Conflicts of Interest: The authors have no conflict of interest relevant to this study to disclose.

References
1. Yu, C.; Abbott, P.V. An overview of the dental pulp: Its functions and responses to injury. Aust. Dent. J. 2007, 52 (Suppl. S1),

S4–S16. [CrossRef] [PubMed]
2. Farges, J.C.; Alliot-Licht, B.; Renard, E.; Ducret, M.; Gaudin, A.; Smith, A.J.; Cooper, P.R. Dental Pulp Defence and Repair

Mechanisms in Dental Caries. Mediat. Inflamm. 2015, 2015, 230251. [CrossRef] [PubMed]
3. Neves, V.C.M.; Yianni, V.; Sharpe, P.T. Macrophage modulation of dental pulp stem cell activity during tertiary dentinogenesis.

Sci. Rep. 2020, 10, 20216. [CrossRef] [PubMed]
4. Komabayashi, T.; Zhu, Q.; Eberhart, R.; Imai, Y. Current status of direct pulp-capping materials for permanent teeth. Dent. Mater.

J. 2016, 35, 1–12. [CrossRef]
5. Bjørndal, L.; Simon, S.; Tomson, P.L.; Duncan, H.F. Management of deep caries and the exposed pulp. Int. Endod. J. 2019, 52,

949–973. [CrossRef]
6. Cushley, S.; Duncan, H.F.; Lappin, M.J.; Chua, P.; Elamin, A.D.; Clarke, M.; El-Karim, I.A. Efficacy of direct pulp capping for

management of cariously exposed pulps in permanent teeth: A systematic review and meta-analysis. Int. Endod. J. 2021, 54,
556–571. [CrossRef]

7. Paula, A.; Carrilho, E.; Laranjo, M.; Abrantes, A.M.; Casalta-Lopes, J.; Botelho, M.F.; Marto, C.M.; Ferreira, M.M. Direct Pulp
Capping: Which is the Most Effective Biomaterial? A Retrospective Clinical Study. Materials 2019, 12, 3382. [CrossRef]

8. Sabbagh, J.; Ghassibe-Sabbagh, M.; Fayyad-Kazan, M.; Al-Nemer, F.; Fahed, J.C.; Berberi, A.; Badran, B. Differences in osteogenic
and odontogenic differentiation potential of DPSCs and SHED. J. Dent. 2020, 101, 103413. [CrossRef]

9. Ching, H.S.; Luddin, N.; Rahman, I.A.; Ponnuraj, K.T. Expression of Odontogenic and Osteogenic Markers in DPSCs and SHED:
A Review. Curr. Stem Cell Res. Ther. 2017, 12, 71–79. [CrossRef]

10. Wang, Z.; Wang, D.; Yang, D.; Zhen, W.; Zhang, J.; Peng, S. The effect of icariin on bone metabolism and its potential clinical
application. Osteoporos. Int. 2018, 29, 535–544. [CrossRef]

11. Jiao, F.; Tang, W.; Huang, H.; Zhang, Z.; Liu, D.; Zhang, H.; Ren, H. Icariin Promotes the Migration of BMSCs In Vitro and In Vivo
via the MAPK Signaling Pathway. Stem Cells Int. 2018, 2018, 2562105. [CrossRef] [PubMed]

12. Wu, Y.; Xia, L.; Zhou, Y.; Xu, Y.; Jiang, X. Icariin induces osteogenic differentiation of bone mesenchymal stem cells in a
MAPK-dependent manner. Cell Prolif. 2015, 48, 375–384. [CrossRef] [PubMed]

13. Kim, B.; Lee, K.Y.; Park, B. Icariin abrogates osteoclast formation through the regulation of the RANKL-mediated TRAF6/NF-
κB/ERK signaling pathway in Raw264.7 cells. Phytomedicine 2018, 51, 181–190. [CrossRef] [PubMed]

14. Xu, Y.; Li, L.; Tang, Y.; Yang, J.; Jin, Y.; Ma, C. Icariin promotes osteogenic differentiation by suppressing Notch signaling. Eur. J.
Pharmacol. 2019, 865, 172794. [CrossRef] [PubMed]

15. Liu, H.J.; Liu, X.Y.; Jing, D.B. Icariin induces the growth, migration and osteoblastic differentiation of human periodontal ligament
fibroblasts by inhibiting Toll-like receptor 4 and NF-κB p65 phosphorylation. Mol. Med. Rep. 2018, 18, 3325–3331. [CrossRef]

http://doi.org/10.1111/j.1834-7819.2007.tb00525.x
http://www.ncbi.nlm.nih.gov/pubmed/17546858
http://doi.org/10.1155/2015/230251
http://www.ncbi.nlm.nih.gov/pubmed/26538821
http://doi.org/10.1038/s41598-020-77161-4
http://www.ncbi.nlm.nih.gov/pubmed/33214653
http://doi.org/10.4012/dmj.2015-013
http://doi.org/10.1111/iej.13128
http://doi.org/10.1111/iej.13449
http://doi.org/10.3390/ma12203382
http://doi.org/10.1016/j.jdent.2020.103413
http://doi.org/10.2174/1574888X11666160815095733
http://doi.org/10.1007/s00198-017-4255-1
http://doi.org/10.1155/2018/2562105
http://www.ncbi.nlm.nih.gov/pubmed/30319696
http://doi.org/10.1111/cpr.12185
http://www.ncbi.nlm.nih.gov/pubmed/25867119
http://doi.org/10.1016/j.phymed.2018.06.020
http://www.ncbi.nlm.nih.gov/pubmed/30466615
http://doi.org/10.1016/j.ejphar.2019.172794
http://www.ncbi.nlm.nih.gov/pubmed/31733213
http://doi.org/10.3892/mmr.2018.9302


Medicina 2022, 58, 434 10 of 10

16. Pei, Z.; Zhang, F.; Niu, Z.; Shi, S. Effect of icariin on cell proliferation and the expression of bone resorption/formation-related
markers in human periodontal ligament cells. Mol. Med. Rep. 2013, 8, 1499–1504. [CrossRef]

17. Svandova, E.; Peterkova, R.; Matalova, E.; Lesot, H. Formation and Developmental Specification of the Odontogenic and
Osteogenic Mesenchymes. Front. Cell Dev. Biol. 2020, 8, 640. [CrossRef]

18. Rathinam, E.; Govindarajan, S.; Rajasekharan, S.; Declercq, H.; Elewaut, D.; De Coster, P.; Martens, L.; Leybaert, L. The calcium
dynamics of human dental pulp stem cells stimulated with tricalcium silicate-based cements determine their differentiation and
mineralization outcome. Sci. Rep. 2021, 11, 645. [CrossRef]

19. An, S. The emerging role of extracellular Ca2+ in osteo/odontogenic differentiation and the involvement of intracellular Ca (2+)
signaling: From osteoblastic cells to dental pulp cells and odontoblasts. J. Cell Physiol. 2019, 234, 2169–2193. [CrossRef]

20. Seang, S.; Pavasant, P.; Everts, V.; Limjeerajarus, C.N. Prostacyclin Analog Promotes Human Dental Pulp Cell Migration via a
Matrix Metalloproteinase 9-related Pathway. J. Endod. 2019, 45, 873–881. [CrossRef]

21. Son, J.W.; Choi, S.H.; Jang, J.H.; Koh, J.T.; Oh, W.M.; Hwang, Y.C.; Lee, B.N. Irisin promotes odontogenic differentiation and
angiogenic potential in human dental pulp cells. Int. Endod. J. 2021, 54, 399–412. [CrossRef] [PubMed]

22. Zu, Y.; Mu, Y.; Li, Q.; Zhang, S.T.; Yan, H.J. Icariin alleviates osteoarthritis by inhibiting NLRP3-mediated pyroptosis. J. Orthop.
Surg. Res. 2019, 14, 307. [CrossRef] [PubMed]

23. Chung, B.H.; Kim, J.D.; Kim, C.K.; Kim, J.H.; Won, M.H.; Lee, H.S.; Dong, M.S.; Ha, K.S.; Kwon, Y.G.; Kim, Y.M. Icariin stimulates
angiogenesis by activating the MEK/ERK- and PI3K/Akt/eNOS-dependent signal pathways in human endothelial cells. Biochem.
Biophys. Res. Commun. 2008, 376, 404–408. [CrossRef]

24. Fan, J.-J.; Cao, L.-G.; Wu, T.; Wang, D.-X.; Jin, D.; Jiang, S.; Zhang, Z.-Y.; Bi, L.; Pei, G.-X. The dose-effect of icariin on the
proliferation and osteogenic differentiation of human bone mesenchymal stem cells. Molecules 2011, 16, 10123–10133. [CrossRef]
[PubMed]

25. Cui, D.; Xiao, J.; Zhou, Y.; Zhou, X.; Liu, Y.; Peng, Y.; Yu, Y.; Li, H.; Zhou, X.; Yuan, Q.; et al. Epiregulin enhances odontoblastic
differentiation of dental pulp stem cells via activating MAPK signalling pathway. Cell Prolif. 2019, 52, e12680. [CrossRef]
[PubMed]

26. Giraud, T.; Jeanneau, C.; Rombouts, C.; Bakhtiar, H.; Laurent, P.; About, I. Pulp capping materials modulate the balance between
inflammation and regeneration. Dent. Mater. 2019, 35, 24–35. [CrossRef] [PubMed]

27. McKee, M.D.; Addison, W.N.; Kaartinen, M.T. Hierarchies of extracellular matrix and mineral organization in bone of the
craniofacial complex and skeleton. Cells Tissues Organs 2005, 181, 176–188. [CrossRef]

28. Fisher, L.W. DMP1 and DSPP: Evidence for duplication and convergent evolution of two SIBLING proteins. Cells Tissues Organs
2011, 194, 113–118. [CrossRef]

29. Wang, Y.; Yuan, S.; Sun, J.; Gong, Y.; Liu, S.; Guo, R.; He, W.; Kang, P.; Li, R. Inhibitory effect of the TSG-6 on the BMP-4/Smad
signaling pathway and odonto/osteogenic differentiation of dental pulp stem cells. Biomed. Pharmacother. 2020, 128, 110266.
[CrossRef]

30. Ye, L.; MacDougall, M.; Zhang, S.; Xie, Y.; Zhang, J.; Li, Z.; Lu, Y.; Mishina, Y.; Feng, J.Q. Deletion of dentin matrix protein-1 leads
to a partial failure of maturation of predentin into dentin, hypomineralization, and expanded cavities of pulp and root canal
during postnatal tooth development. J. Biol. Chem. 2004, 279, 19141–19148. [CrossRef]

31. Thyagarajan, T.; Sreenath, T.; Cho, A.; Wright, J.T.; Kulkarni, A.B. Reduced expression of dentin sialophosphoprotein is associated
with dysplastic dentin in mice overexpressing transforming growth factor-beta 1 in teeth. J. Biol. Chem. 2001, 276, 11016–11020.
[CrossRef] [PubMed]

32. Wei, X.; Ling, J.; Wu, L.; Liu, L.; Xiao, Y. Expression of mineralization markers in dental pulp cells. J. Endod. 2007, 33, 703–708.
[CrossRef] [PubMed]

33. Chen, S.; Gluhak-Heinrich, J.; Wang, Y.H.; Wu, Y.M.; Chuang, H.H.; Chen, L.; Yuan, J.H.; Dong, J.; Gay, I.; MacDougall, M. Runx2,
osx, and dspp in tooth development. J. Dent. Res. 2009, 88, 904–909. [CrossRef] [PubMed]

34. Papagerakis, P.; Berdal, A.; Mesbah, M.; Peuchmaur, M.; Malaval, L.; Nydegger, J.; Simmer, J.; Macdougall, M. Investigation of
osteocalcin, osteonectin, and dentin sialophosphoprotein in developing human teeth. Bone 2002, 30, 377–385. [CrossRef]

35. Zhang, W.; Liu, H.T. MAPK signal pathways in the regulation of cell proliferation in mammalian cells. Cell Res. 2002, 12, 9–18.
[CrossRef]

36. Hu, X.; Zhong, Y.; Kong, Y.; Chen, Y.; Feng, J.; Zheng, J. Lineage-specific exosomes promote the odontogenic differentiation of
human dental pulp stem cells (DPSCs) through TGFβ1/smads signaling pathway via transfer of microRNAs. Stem Cell Res. Ther.
2019, 10, 170. [CrossRef]

37. Ngo, V.A.; Jung, J.Y.; Koh, J.T.; Oh, W.M.; Hwang, Y.C.; Lee, B.N. Leptin Induces Odontogenic Differentiation and Angiogenesis in
Human Dental Pulp Cells via Activation of the Mitogen-activated Protein Kinase Signaling Pathway. J. Endod. 2018, 44, 585–591.
[CrossRef]

38. Han, J.W.; Lee, B.N.; Kim, S.M.; Koh, J.T.; Min, K.S.; Hwang, Y.C. Odontogenic Potential of Parathyroid Hormone-related Protein
(107–111) Alone or in Combination with Mineral Trioxide Aggregate in Human Dental Pulp Cells. J. Endod. 2017, 43, 2054–2060.
[CrossRef]

http://doi.org/10.3892/mmr.2013.1696
http://doi.org/10.3389/fcell.2020.00640
http://doi.org/10.1038/s41598-020-80096-5
http://doi.org/10.1002/jcp.27068
http://doi.org/10.1016/j.joen.2019.03.020
http://doi.org/10.1111/iej.13435
http://www.ncbi.nlm.nih.gov/pubmed/33089893
http://doi.org/10.1186/s13018-019-1307-6
http://www.ncbi.nlm.nih.gov/pubmed/31511005
http://doi.org/10.1016/j.bbrc.2008.09.001
http://doi.org/10.3390/molecules161210123
http://www.ncbi.nlm.nih.gov/pubmed/22146373
http://doi.org/10.1111/cpr.12680
http://www.ncbi.nlm.nih.gov/pubmed/31454111
http://doi.org/10.1016/j.dental.2018.09.008
http://www.ncbi.nlm.nih.gov/pubmed/30269862
http://doi.org/10.1159/000091379
http://doi.org/10.1159/000324254
http://doi.org/10.1016/j.biopha.2020.110266
http://doi.org/10.1074/jbc.M400490200
http://doi.org/10.1074/jbc.M010502200
http://www.ncbi.nlm.nih.gov/pubmed/11116156
http://doi.org/10.1016/j.joen.2007.02.009
http://www.ncbi.nlm.nih.gov/pubmed/17509410
http://doi.org/10.1177/0022034509342873
http://www.ncbi.nlm.nih.gov/pubmed/19783797
http://doi.org/10.1016/S8756-3282(01)00683-4
http://doi.org/10.1038/sj.cr.7290105
http://doi.org/10.1186/s13287-019-1278-x
http://doi.org/10.1016/j.joen.2017.11.018
http://doi.org/10.1016/j.joen.2017.08.016

	Introduction 
	Materials and Methods 
	Sample Collection, Cell Isolation, and Cell Culture 
	Icariin Treatment 
	Cytotoxicity Assay 
	Odontogenic Differentiation 
	Scratch Migration Assay 
	Alizarin Red S (ARS) Staining Assay and Alkaline Phosphatase (ALP) Staining Assay 
	RNA Isolation and Gene Expression Analysis by Quantitative Real-Time Polymerase Chain Reaction 
	Western Blot Analysis 
	Statistical Analysis 

	Results 
	Effects of Icariin on Cell Viability and Migration of HDPCs 
	Icariin Accelerated ALP Activity and Mineralization Ability of HDPCs 
	Effect of Icariin on Gene Expression and Protein Expression of Odontogenic Markers in HDPCs 
	Icariin-Mediated Activation of Mitogen-Activated Protein Kinase Signaling during Odontogenic Differentiation of HDPCs 

	Discussion 
	Conclusions 
	References

