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Shikonin promotes rat periodontal bone defect repair and osteogenic
differentiation of BMSCs by p38 MAPK pathway
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Abstract

In recent years, the treatment of periodontal bone defect has been a major challenge. Cell-based bone tissue engineering pro-
vides an advanced way for bone regeneration. Bone formation hinges on the potential of osteogenesis in bone marrow stromal
cells (BMSCs). Shikonin (SHI), an active principle of Radix Lithospermi, has shown a striking role to mitigate osteoporosis
of ovariectomized mice, whereas its effects on periodontal bone defect are vague. Herein, we explored the impact of SHI on
osteogenic differentiation of BMSCs in vitro and further analyzed the potential mechanisms using an inhibitor of p38 MAPK
(SB203580). A rat periodontal bone defect model was built to assess its effects on bone formation in vivo by micro-CT and
immunofluorescence. Our results showed SHI with no cytotoxicity could conspicuously enhanced alkaline phosphatase (ALP)
activity, calcium accumulation and the expression of runt-related transcription factor 2 (Runx2) and osteocalcin (OCN) of
BMSC:s in vitro. Increased bone volume/tissue volume (BV/TV) and osteopontin (OPN) expression after SHI administra-
tion further demonstrated the capacity of promoting osteogenesis of SHI in vivo. Furthermore, SHI could also increase the
phosphorylation of p38. However, the phosphorylation of p38 and expression of osteogenic indicators promoted by SHI
were reversed by SB203580, thereby illustrating the positive regulatory relationship between p38 MAPK and SHI-mediated
osteogenesis. This finding may help SHI become a promising agent with respect to the therapy of periodontal bone defect.
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Introduction defects [1], which also has obvious limitations such as injury
to the donor site, limited amount of donor sites and infec-

Severe periodontal bone defect secondary to periodontitis  tion [2]. Due to its extensive sources and multidirectional

has been the primary challenge of implant restoration. Bone
grafting from the patient’s mandibular ramus or iliac crest
is a routine strategy for the treatment of periodontal bone
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differentiation ability, bone marrow stromal cells (BMSCs)
are widely used for bone regeneration in tissue engineering
[3-6]. Therefore, enhancing osteogenesis of BMSCs may be
a latent therapeutic method to achieve bone regeneration. At
present, gradually increasing traditional Chinese medicine
with few side effects is chosen to promote osteogenesis of
BMSCs and bone repairs, so that it has attracted more and
more scholars’ attention in this field.

Shikonin (SHI), an active principle obtained from tradi-
tion Chinese medicine Radix Lithospermi, has been identi-
fied to have anti-inflammatory and anti-tumor properties [7,
8]. It was recently reported that SHI could suppress differen-
tiation of osteoclasts and diminish the bone loss of ovariecto-
mized mice obviously [9]. Furthermore, SHI could also aug-
ment the gene expression and protein abundance of BMP-2
signal and phosphorylate a downstream factor Smad5 to
activate Runx2 and further promote osteoblast osteogenesis
[10]. Previous evidence found that the phosphorylation and
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activation of p38 occurred through the Smad-independent
pathway for brief periods after BMP stimulation [11], sug-
gesting that p38 MAPK might be involved in SHI-induced
osteogenesis.

Mitogen-activated protein kinase (MAPK) is the main
carrier for signaling through the cell surface to the nucleus
and can be expressed by all eukaryotes [12]. As one of the
main MAPK subfamilies, p38 MAPK can be activated
by phosphorylation through a tertiary cascade reaction
and participate in basic biological processes such as cell
growth, development and differentiation [13, 14]. Due to its
close relationship with bone development and metabolism
[15-17], it has long been widely studied in the field of bone
regeneration.

Herein, we investigated whether SHI could promote
osteogenesis of BMSCs in vitro and in vivo and verified
the influence of p38 MAPK in SHI-mediated osteogen-
esis, providing a promising therapeutic method for bone
regeneration.

Materials and methods
Reagents

Shikonin (Cell culture grade) was purchased from Solarbio
(Beijing, China) and stored at — 80 °C. a-Minimum essential
medium (a-MEM) and fetal bovine serum (FBS) were pur-
chased from Biolnd (Israel). SB203580 was purchased from
Topscience (Shanghai, China). Antibodies were purchased
from BIOSS Biotechnology (Beijing, China). PCR-related
reagents were purchased from Vazyme (Nanjing, China).
Primers were synthesized by Azenta (Chelmsford, MA,
USA).

Cell culture and identification

BMSCs were extracted from 4-week-old male Wistar
rats [18], for which use of animals was ratified by Eth-
ics Committee of Jinan Stomatological Hospital (No.
JNSKQYY-2022167). Primary cells were maintained in
a-MEM supplemented with 20% FBS in 5% CO?2 at 37 C.
When the density of BMSCs reached 80% confluence, they
were passaged. Cells (passage 3 ~4) were used for subse-
quent experiments. To verify the multipotent differentiation
potency, Cells were separately maintained in osteogenic
induction medium (OIM) and adipose induction medium
(Gibco, USA). After induction of 3 weeks, respectively,
cells were dyed using Alizarin Red S (ARS) and Oil Red O
dye (Solarbio, China), and taken at a microscope (Olympus,
Japan) in time.
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Cytotoxicity assay

BMSCs (5% 10%) were cultured in 96-well plates supple-
mented with various concentrations of SHI (0, 0.05, 0.1,
0.5, 1 and 2 pg/ml) within 4 days. According to the manu-
facturer's instructions, the cytotoxicity of SHI was analyzed
by a CCK-8 kit (Biosharp, China) and the absorbance was
recorded at 450 nm by a microplate reader (Thermo, USA).

ALP staining and activity assay

BMSCs were maintained in OIM and various concentrations
of SHI (0, 0.05, 0.1, 0.5 pg/ml) for 7 days and fixed in 4%
paraformaldehyde (PFA) for 30 min, rinse gently, and then
dyed by ALP stains (Beyotime, China) for 20 min at room
temperature. The ALP activity was assessed by an ALP
assay kit (Beyotime) and the absorbance was recorded at
405 nm.

ARS staining

Cells were induced for 3 weeks as above, and then fixed
with 4% PFA and stained using 1% ARS solution (Solarbio,
China) until the expected color appeared. Calcium accumu-
lation was visualized by a microscope. Then, calcium nod-
ules were dissolved by 10% cetylpyridinium chloride (Solar-
bio, China), and the absorbance at 562 nm was recorded for
quantification.

Real-time PCR

After induction for 7 and 14 days, cellular total RNA was
extracted by an RNA Extraction Kit and used to synthesize
cDNA with a Reverse Transcription Kit. Real-time PCR
(20 pl total volume) was accomplished using a Universal
SYBR gPCR Master Mix and the procedure was set up as
previous description [19]. B-Actin was used as a standard-
ized reference. The final results were presented indirectly via
the 2724€T method [20]. The designed primers are exhibited
in Table 1.

Western blot assay

Protein of each group was extracted by a RIPA lysis buffer
and quantified by a BCA kit. Then, each sample was frac-
tionated on polyacrylamide gels and diverted to PVDF
membranes. After that, membranes were sealed by 5% BSA
supplemented with TBST and incubated with the specific
primary antibodies against ALP, Runx2, OCN, p38, p-p38
and f-actin (identical dilution 1: 1000) at 4 °C overnight,
followed by maintaining with secondary antibody (dilution
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Fig. 1 Identification of BMSCs and cytotoxicity assay of SHI. a The
typical MSCs morphology of BMSCs. b Calcium nodules and lipid
droplets formation were showed by Alizarin Red S and Oil Red O

1: 5000) for 1 h. Protein band abundance was visualized
with an enhanced chemiluminescence (ECL) kit (Biosharp,
Anhui, China) at a Amersham ImageQuant 800 imager (GE,
Inc., USA) and quantified by Image J software (Nation Insti-
tutes of Health, USA).

Rat model of periodontal bone defect

Eight male Wistar rats (age, 8 weeks; weight, 300420 g)
were derived from Shandong University Laboratory Animal
Center (Shandong, China) and fed with free access to fodder
and water. The rats with bilateral periodontal bone defect of
5x2x1 mm (model establishment was based on a previ-
ous study [21]) were randomly allocated to 2 groups: SHI
group (2 mg/kg SHI [9] was injected subcutaneously once
every 3 days after 3 days of rats modeling), control group
(equal amount of 0.9% sodium chloride was injected sub-
cutaneously). 16 mandibles with periodontal bone defects
were harvested after 4 weeks of treatment. 6 mandibles in
each group were used for Micro-CT, the rest were used for
immunofluorescence.
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staining separately. ¢ The cytotoxicity of SHI was detected by CCK-8.
SHI at concentration between 0.05 and 0.5 pg/ml was not to be cyto-
toxic (p>0.05 compared with the 0 group)

Micro-computed tomography (Micro-CT)

To assess the alveolar bone repair, fixed mandible samples
were scanned by a Micro-CT (PerkinElmer, Inc., MA, USA)
at 80 kV and 88 pA. Built-in software was used to analyze
bone volume/tissue volume (BV/TV), two-dimensional (2D)
and three-dimensional (3D) images of bone defects accord-
ing to the manufacturer’s instructions.

Immunofluorescence

Separate new bone tissues were fixed in 4% PFA and
embedded in paraffin, and then cut into slices subsequently.
Sections were treated with 0.1% Tritonx-100 for 20 min,
blocked with 5% bovine serum albumin (BSA) for 1 h at
room temperature (RT) and incubated successively with pri-
mary antibody against osteopontin (OPN; dilution 1: 200,
4 °C, overnight) and secondary antibody (RT, 1 h). Nuclei
were stained with a DAPI solution (Sigma, USA). Fluores-
cent images were observed and recorded by a fluorescence
microscopy (Olympus, Japan).

Table 1 Primers used in real-

) Gene Sequence forward (5 —3’) Sequence reverse (5°—3’)
time PCR
B-Actin CTCTGTGTGGATTGGTGGCT CGCAGCTCAGTAACAGTCCG
ALP GTTACAAGGTGGTGGACGGT TAGTTCTGCTCATGGACGCC
Runx2 CAGACCAGCAGCACTCCATA AGACTCATCCATTCTGCCGC
OCN GCAGACCTAGCAGACACCAT CGCCGGAGTCTATTCACCAC
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«Fig.2 SHI promoted osteogenic differentiation of BMSCs in vitro.
a ALP staining and ¢ ALP activity were implemented on day 7. b
Alizarin Red S staining on day 21 (scale bars, 100 pm). d The ARS
semiquantitative detection by absorbance at 562 nm. e The gene
expression of osteogenesis markers (ALP, Runx2, and OCN) after
osteogenic induction for 7 and 14 days. (f, g) The protein expres-
sion of ALP, Runx2, and OCN after osteogenic induction for 7 days.
*p<0.05, *¥p <0.01, ¥**p <0.001 compared with the OIM group

Statistical analysis

All data were presented as the mean + standard deviation of
three independent experiments and analyzed by Student’s ¢
test (two groups) or one-way ANOVA (multiple groups) at
GraphPad Prism 8.0 software (San Diego, CA, USA). Statis-
tical significance was accepted with a P value less than 0.05.

Results
Culture and characteristics of BMSCs

The isolated primary cells initially grew like colonies, and
the morphology was irregular and mainly short spindle
shape. Cell appearance steadily exhibited long spindle shape
after three passages (Fig. 1a). BMSCs in this period showed
uniform morphology and higher cell vitality, which could be
used in subsequent experiments. As shown in Fig. 1b, the
deposition of calcium ions and the generation of massive
lipid droplets could be distinctly seen after ARS staining and
oil red O staining, respectively. The multiple differentiation
capacities manifested the stem cell traits of isolated cells.

SHI enhanced ALP activity and mineralization
of BMSCs at non-cytotoxic concentrations

To detect the cytotoxicity of SHI in vitro, BMSCs were
cultured with diverse concentrations of SHI at first to the
fourth day. The CCK-8 results suggested SHI at concentra-
tion between 0.05 and 0.5 pg/ml was not to be cytotoxic
(Fig. 1c). The results of ALP activity assay suggested SHI
elicits preferable ALP activity when contrast to the control,
especially prominent in the 0.1 pg/ml group (Fig. 2¢). In
addition, the results of ALP (Fig. 2a) and ARS (Fig. 2b, d)
staining also demonstrated that the degree of staining was
deeper in the SHI-induced group. Thus, 0.1 pg/ml SHI was
picked out for the subsequent tests.

SHI accelerated osteogenic markers expression
in BMSCs

Real-time PCR was to detect the expression of osteogenic
genes (ALP, Runx2 and OCN) at days 7 and 14. Com-
pared with the control (OIM group), the mRNA expression

of osteogenic genes was conspicuously enhanced in the
OIM + SHI group (Fig. 2e). At the same time, the results
of western blot reveled the augmented levels of ALP,
Runx2 and OCN protein expression might also be associ-
ated with the SHI-induced (Fig. 2f, g).

SHI promoted osteogenesis in vivo

Rat periodontal bone defect repair was detected at 4 weeks
post-operation by micro-CT. The bone defects had been
filled to a large extent with new bone. Increased BV/TV
was observed after SHI administration. More new bone
was observed in the SHI group compared with the control
group (Fig. 3). Consistently, the expression of OPN protein
was enhanced in the SHI group (Fig. 4b1, b2) compared
with the control group (Fig. 4al, a2), according to immu-
nofluorescence results.

SHI enhanced phosphorylation of p38 in its early
differentiation stage

Whether the p38 signal was activated by SHI in BMSCs
was assessed by testing the level of phosphorylated p38
(p-p38) in BMSCs. After the addition of SHI in OIM, the
initial phosphorylation level of the p38 signal was lowest.
Over time, the phosphorylation level of p38 augmented
expressly, especially prominent in the 1 h (Fig. 5a, b).

SB203580 diminished the expression of osteogenic
markers in SHI-induced BMSCs

SB203580 (SB) is a specific inhibitor of p38 MAPK path-
way. To prove the role of p38 during its differentiation
stage, cells were pretreated with SB (10 pM) for 30 min
prior to SHI induce. As shown in Fig. 5c, d, e, SHI expressly
enhanced the expression of osteogenic markers, whereas
blocking of p38 completely reversed the situation. There-
fore, the p38 MAPK signaling pathway seems to participate
in osteogenic response of SHI-induced BMSCs.

Discussion

In recent years, the treatment of periodontal bone defect has
been a major challenge. Cell-based bone tissue engineering
provides an advanced way for bone defects reconstruction.
BMSCs have been widely applied to the research of bone
regeneration. Because of its wide range of sources, ability of
strong proliferation and differentiate into osteoblasts under
specific conditions has become the most widely applied cells
for bone tissue engineering [22, 23]. Increasing traditional
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Fig.3 SHI promoted healing in rat periodontal bone defect at 4 weeks post-operation. a New bone was formed in the bone defects at 4 weeks. b
Region of interest (ROI). ¢ Increased BV/TV was observed in the SHI group compared with the control group (*p <0.05)

Chinese medicine with few side effects was selected to pro-
mote osteogenic differentiation of BMSCs [24]. Shikonin,
the main active principle of Radix Lithospermi, has been
reported to have a wide range of pharmacological effects
in different diseases. For example, SHI could suppress the
proliferation and migration of lung carcinomas in an inflam-
matory microenvironment [25]. Similarly, SHI has inhibi-
tory effects on breast cancer and osteosarcoma [26, 27].
Moreover, SHI could also inhibit the inflammatory response,
such as periodontitis and rheumatoid arthritis [28, 29].

@ Springer

Meanwhile, SHI is a differentiation-inducing agent, which
modulates the intercellular redox homeostasis, thus facilitat-
ing differentiation of HL-60 cell by Nrf2/ARE pathway [30].
SHI induces odontoblastic differentiation of dental pulp stem
cells via AKT-mTOR signaling and effectively inhibits adi-
pogenesis in 3T3-L1 cells by diminishing ERK 1/2 phospho-
rylation [31, 32]. SHI also has a good therapeutic effect on
osteoporosis by inhibiting the formation of osteoclasts [9].
However, the impact of SHI on osteogenic differentiation of
BMSC:s has not reported.
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Fig.4 Immunofluorescence of OPN protein during rat periodontal bone defect repair. More positive expression of OPN was observed at 4 weeks

in the SHI group (bl and b2) compared with the control group (al and a2)

Here, we explored whether SHI could stimulate ossifica-
tion of BMSCs and its preliminary mechanism involved.
During the phase of cell culture, the addition of appropriate
SHI did not affect cell viability (Fig. 1c). ALP activity, as a
marker of early osteogenesis [33, 34], peaked in response to
0.1 pg/ml SHI on day 7 and attenuated thereafter (Fig. 2c).
Moreover, similar results were also obtained in subsequent
mineralization assay (Fig. 2d). Thus, the result implied us
that the trend of 0.1 pg/ml SHI promoting osteogenesis was
more prominent. Runx?2 is a capital transcription factor in
regulating osteogenesis [35]. OCN is a specific marker of
bone formation and one of the main indicators to evaluate
bone metabolism [36]. In this report, the up-regulation of
these above markers was associated with the SHI-induced
closely (Fig. 2e, f, g). Furthermore, in vivo, we needed to
observe the effect of SHI on the repair of bone defects, so
we established the model of periodontal bone defect with
reference to the previous study. Increased BV/TV and OPN
expression after SHI administration further demonstrated the
capacity of promoting osteogenesis (Figs. 3 and 4).

Foregone studies have covered the capital role of p38
MAPK in osteogenesis [37-39]. Diminution of p38 phos-
phorylation could notably attenuated osteoblast differentia-
tion and migration [40]. Cytochalasin D was able to activate
the p38 pathway to promote osteoblastic differentiation [19].
Asarylaldehyde could induce periodontal ligament stem
cells osteogenic differentiation through the same pathway
[20]. Our results showed that SHI notably augmented p-p38
level in a short time. In addition, inhibition of the p38 sig-
nal activation completely reversed the osteogenesis effect
of SHI to BMSCs (Fig. 5). These results definitely reveal
that p38 MAPK pathway positively regulates the osteogenic
process induced by SHI. In addition, this finding may help
SHI become a promising agent with respect to the therapy
of periodontal bone defects. In the future research, we will
further explore the combination of SHI with appropriate
sustained-release system and biological scaffold to ensure
local administration and sustained release of SHI which will
achieve faster bone healing.

@ Springer
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