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ABSTRACT
Introduction: Human exfoliated deciduous teeth–derived stem cells (SHEDs) have been shown as
an excellent source of bone regeneration. Interleukin-17A (IL-17A) facilitates bone differentiation in
various cell types, including SHEDs. In this study, we have demonstrated IL-17A's stimulating effect
on SHEDs in osteogenic differentiation and further evaluated the role of the ERK/MAPK signaling
pathway in this process. Methods: The function of IL-17A in osteogenic differentiation, prolifera-
tive activity, andMAPK cascade activation in SHEDs were investigated. Results: IL-17A significantly
enhanced proliferative and alkaline phosphatase activities in SHEDs. Furthermore, the expression
levels of different osteogenic proteins including COL1A1, ALP, OPN, RUNX, and OCN were signifi-
cantly elevated in IL-17A-treated SHEDs. Moreover, IL-17A triggered MAPK signaling in SHEDs, as
evidenced by significant upregulation of both downstream ERK targets, P38 and JNK pathways, and
upstream activators. In addition, ERK/MAPK activation time-dependently established the participa-
tion of MAPK signaling in SHED osteogenic differentiation. Conclusion: These findings suggest
that IL-17A-induced ERK/MAPK signaling pathway activation is necessary for SHEDs to differentiate
into osteoblasts. This reiterates the significance of this particular intracellular signaling pathway in
controlling SHED osteogenic differentiation, which is a promising source of bone tissue regenera-
tion.
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INTRODUCTION
The regeneration of bone fractures resulting from
trauma, tumors, infection, and degenerative and in-
flammatory conditions involves a complex physiolog-
ical process. It includes a series of biological events in-
volving multiple growth factors and cell types, as well
as intracellular and extracellular molecular-signaling
pathways1. Tight interactions between the immune
system and the regeneration process have been well-
documented. The proinflammatory response follow-
ing bone injury is a crucial initiator of bone regener-
ation2.
Interleukin-17A (IL-17A) is a proinflammatory cy-
tokine produced by a specialized CD4+ T cell sub-
set, T helper 17 (Th17) cells. IL-17A induces signal-
ing by targeting the IL-17A receptor/IL-17C recep-
tor (IL17RA/IL17RC) complex3. IL17RA/IL17RC
complexes are expressed not only in the immune
cells but also by the non-immune cells and tissues4.
The interaction of IL-17A and its receptors stimu-
lates downstream regulators and induces cellular re-
sponses5. The intracellular IL-17 downstream sig-
naling comprises mitogen-activated protein kinases

(MAPKs) and nuclear factor-κB (NF-κB)6,7. In the
past decade, many studies have demonstrated novel
roles of IL-17A in bone homeostasis, promoting ei-
ther bone formation or bone loss mechanisms8. IL-
17A is traditionally recognized as a bone-destructive
cytokine in different immune-related bone diseases
such as rheumatoid arthritis, osteoporosis, periodon-
titis, psoriatic arthritis9, and spondylarthritis10. Sev-
eral studies have shown that IL-17A promotes os-
teoblast differentiation by upregulating osteogenic
genes such as osteoprotegerin (OPG), Runx2, bone
sialoprotein (BSP), osteopontin (OPN), osteocalcin
and type I collagen (Colla1), and ALP 11–13. Other
studies have revealed that IL−17A suppressed the dif-
ferentiation of osteoblasts by downregulating bone
markers14,15. IL-17A induced bone marrow–derived
mesenchymal stem cells (BM-MSCs) to produce IL-
1 and IL-6, which stimulated the STAT3, ERK1/2,
and AKT pathways, promoting osteoblastic differen-
tiation16. Moreover, IL-17A facilitates osteogene-
sis on BM-MSCs by increasing leptin production via
JAK/STAT signaling17. Multiple studies have impli-
cated IL-17 as crucial in bone remodeling, with the
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opposite roles of either enhancing or aggravating os-
teogenesis based on the microenvironment. How-
ever, the precise IL-17A mechanism in the multipo-
tent stem cells fromhuman exfoliated deciduous teeth
(SHEDs) remains unclear.
Because of their multipotency and relative ease of
accessibility, SHEDs have attracted great attention
recently. SHEDs can rapidly regenerate and grow
faster than adult stem cells and restore tissue func-
tions through a process known as plasticity or trans-
differentiation18. Moreover, SHEDs, which are de-
rived from bone marrow, possess the capacity for os-
teoblastic differentiation19. In this study, we inves-
tigated the stimulatory effects of IL-17A and further
elucidated the participation of the MAPK signaling
pathway in SHED osteogenic differentiation.

MATERIALS ANDMETHODS
Cell culture and osteogenic differentiation
in vitro
The SHED cell line, obtained from ALLCELLS
(Alameda, CA, USA), was derived from human de-
ciduous teeth of the third molar, which were exfoli-
ated from 7- to 8-year-old children. The cells were
cultured in α-minimum essential medium (αMEM;
Gibco, Waltham, MA, USA) at 37 ◦C with 5% CO2
in a humid environment, from passages 3–5. The
complete culture medium was prepared using 10%
heat-inactivated fetal bovine serum (Gibco), 1% L-
glutamine, and 1% penicillin-streptomycin.
For alkaline phosphatase (ALP) and proliferation as-
says, cells were cultured in complete αMEMmedium
supplemented with recombinant IL-17A at concen-
trations of 5, 10, 25, 50, and 100 ng/mL. Proliferation
assays were conducted for up to 5 days, and ALP as-
says were performed at 1, 3, 7, and 14 days.
For osteogenic protein expression and MAPK stud-
ies, osteoinducing reagents were added to the com-
plete growth medium to create osteogenic medium
(OM), which included 10 mM β -glycerophosphate,
50 µg/mL L-ascorbic acid, and 10 nM dexametha-
sone. After 24 hours, IL-17A at a concentration of 50
ng/mL (eBiosciences, USA) was added to the cells for
treatment, following a previous study 20.

SHED characterization
For the characterization process, an inverted micro-
scope (Carl Zeiss, Germany) was employed to observe
the cell morphology of SHEDs frompassages 3 to 4 on
days 1 and 3. Flow cytometry was used to assess the
expression of surface markers on SHED cells. Mes-
enchymal markers were used, including mouse anti-
human CD44, mouse anti-human CD105, mouse

anti-human c-Myc, and mouse anti-human Nanog.
Monoclonal mouse anti-human CD34 was used as a
negative marker to characterize SHED cells. Cells
were fixed with 4.2% formaldehyde, permeabilized
with ice-coldmethanol, and blockedwith 10%normal
goat serum at room temperature. Subsequently, 1 ×
106 cells were stained with individual antibodies at a
standardized concentration of 1 µg/mL for 1 hour in
the dark at room temperature. After two washes with
phosphate-buffered saline, secondary antibodies con-
jugated with goat anti-mouse PE and goat anti-mouse
FITC were applied, vortexed carefully, and incubated
for 30 minutes in the dark at room temperature. Flow
cytometry was performed using a FACSCanto II in-
strument (Becton, NJ, USA) to assess the cells. Iso-
type mouse IgG1 was used as a negative control, and
human osteoblast cells were used as a positive control.

Cell proliferation

Briefly, the cells were seeded at a density of 2x103

cells/well in 96-well plates. They were then incu-
bated at 37 ◦C in a humidified atmosphere with
5% CO2 for intervals of 24, 48, 72, 96, and 120
hours. Media changes were conducted every 48
hours. Cell proliferation was measured using the 3-
(4,5-dimethyl-thiazol-2-yl)-5-(3-carboxy-methoxy-
phenyl)-2-(4-sulfo-phenyl)-2H-tetrazolium (MTS)
assay with CellTiter 96 AQueous One Solution
(Promega, Southampton, UK), following the man-
ufacturer’s protocol. The absorbance at 490 nm,
indicative of cell viability, was measured using a
microplate reader (Sunrise Tecan, Austria) and
expressed as optical density (OD). Cell viability was
determined as follows:
Percentage of cell viability = [(A-B)/(C-B)] x 100;
where A, B, and C are the OD of the sample, blank
wells, and control group, respectively.

ALP activity

Alkaline phosphatase (ALP) activity was assessed us-
ing the Alkaline Phosphatase Activity Kit from Bio-
Vision (MA, USA), following the manufacturer’s pro-
tocol. Absorbance at 405 nm was measured using a
microplate reader to estimate ALP activity in the ex-
perimental samples, and the ALP activity was deter-
mined as follows:
ALP activity (U/mL) = A/V/T; where A denotes the
pNP amount produced by samples (µmol), V repre-
sents the volume of the sample inside the well (mL),
and T represents the reaction time (min).
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Analysis of bone regulatory protein expres-
sion byWestern blotting
Western blot analysis was performed to detect colla-
gen type I alpha 1 (COL1A1), alkaline phosphatase
(ALP), osteocalcin (OCN), runt-related transcription
factor 2 (RUNX2), and osteopontin (OPN) proteins
on days 3, 7, and 14. SHEDs were washed and lysed
using radioimmunoprecipitation assay (RIPA) buffer,
and the protein concentration in the cell lysate was
evaluated using a protein assay kit from Bio-Rad (CA,
USA). A protein concentration of 20 micrograms per
sample was used, which was collected from 3.2 x 106

cells/well in 6-well plates. Protein lysates were sepa-
rated on 12–15% polyacrylamide gels (PAGs) by elec-
trophoresis and then transferred onto polyvinylidene
difluoride (PVDF) membranes. The PVDF mem-
brane was blocked with 5% skimmed milk solution
for 1 hour, followed by incubation with purified anti-
human monoclonal antibodies against ALP, OCN,
COL1A1, RUNX2, and OPN at 4 ◦C overnight. The
membrane was then washed with TBS-T20 and incu-
batedwith horseradish peroxidase–conjugatedmouse
IgG antibody for 1 hour at room temperature. Chemi-
luminescence was detected using an enhanced chemi-
luminescence (ECL) Western blot detection reagent,
and the integrated density of the bands was calcu-
lated using Image J software (Madison,WI, USA) and
standardized against glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH).

Analysis of modulating MAPK signaling us-
ing real-time PCR
Real-time PCR (qPCR) was performed using an RT2

Profiler PCR Array from QIAGEN (Hilden, Ger-
many), which included 42 genes related to MAP ki-
nase signaling in subgroups. Total RNA was iso-
lated from IL-17A-treated cells and untreated SHEDs
cultured under both OM and without-OM condi-
tions, using the RNeasy Mini Kit (QIAGEN, Ger-
many). Three biological replicates were prepared and
harvested on day 7 in accordance with the osteogenic
differentiation activity. The amount of RNA (500
ng) was reverse transcribed to cDNA in a final vol-
ume of 10 µL by using an RT2 First Strand kit (QI-
AGEN, Germany) according to the manufacturer’s
protocol. qPCR analysis was conducted using RT2

SYBR Green Gene Expression (QIAGEN, Germany)
on an ABI Step One Plus Real-time PCR system, and
data analysis was performed using the Step One Plus
Software version 2.2 Real-Time PCR System from
Applied Biosystems, USA. Five housekeeping genes
were included in the study: β -actin (ACTB), beta-2

microglobulin (B2M), hypoxanthine phosphoribosyl
transferase 1 (HPRT1), GAPDH, and ribosomal pro-
tein large P0 (RPLP0). The primers for the 42 genes
associated with MAPK, as well as the housekeeping
genes, were pre-designed by the manufacturer (QIA-
GEN, Germany).
To normalize mRNA expression, CT (comparative)
values were evaluated during data analysis. The differ-
ences in gene expression between the gene of interest
and the mean expression of the reference housekeep-
ing genes were calculated using delta–delta CT (delta
CT [test group] - delta CT [control group]). This
calculation was used to determine the fold-change of
each gene. The data were analyzed using the manu-
facturer’s PCR array data analysis online portal.

Validation of ERK/MAPK expression by
Western blot
To detect the expressions of ERK1/2 and p-ERK pro-
teins in IL-17A-treated SHEDs, a Western blot anal-
ysis was performed using the described method and
reagents. Protein samples were obtained by washing
and lysing SHEDs with RIPA buffer. The optimized
protein concentration of 20 µg per samplewas used in
the study. The protein lysates were separated on 12–
15% (w/v) polyacrylamide gels and electrophoresed at
90V for 1 hour. Subsequently, the proteins were trans-
ferred onto a PVDF membrane, and the membrane
was blocked with skimmed milk solution (5%) for 1
hour at room temperature.
Mouse anti-human monoclonal antibodies against
ERK1/2, p-ERK, and GAPDH were used for incuba-
tion with the PVDFmembrane overnight at 4 ◦C.The
membrane was then rinsed with TBS-T20 before be-
ing incubated with secondary conjugated-mouse IgG
horseradish peroxidase antibody for 1 hour at room
temperature. Themembrane was then incubated with
an ECL Western blot detection reagent to generate
chemiluminescence. Protein band integrated density
was evaluated using Image J software, and the inte-
grated density of ERK1/2 and p-ERK was normalized
to the integrated density of GAPDH, which was used
as a loading control.

Statistical analysis
The data from the experiments, which were per-
formed in triplicate (n=3), were analyzed using SPSS
software, version 24 (IBMCorp., Armonk, NY, USA).
The data are presented as mean ± standard devia-
tion (SD) for individual experiments. For the pro-
liferation assay results, Dunnett T3 post hoc analy-
sis was used for evaluating the statistical significance.
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One-way ANOVA was performed to analyze the re-
sults of Western blot and ALP activity tests, followed
by a post hoc multiple comparison test using the
Scheffe method. The qPCR data were analyzed us-
ing a 2−∆∆CT approach through web-based software
from SABiosciences, USA.The expression level of tar-
get genes was normalized to the expression levels of
the housekeeping genes. The normality and homo-
geneity of variance assumptionswere checked and ful-
filled before performing the statistical analysis. The
statistical significance level was set at p < 0.05.

RESULTS

SHEDmorphology and stem cellmarker ex-
pression

The SHED morphology was observed on days 1 and
3, as shown in Figure 1A. The SHEDs exhibited a
fibroblast-like and spindle-shaped morphology with
1–2 protrusions during culture up to day 3. Fur-
ther characterization of SHEDs was performed us-
ing flow cytometry analysis to assess the expression of
stem cellmarkers. The results showed high expression
(more than 95%) ofCD105, CD44,Nanog, and c-Myc,
which are known markers associated with stem cells.
However, low expression of CD34 (less than 2%) was
detected, indicating that CD34 expression was rela-
tively low in these SHEDs, as shown in Figure 1B.

IL-17A increased ALP activity and prolifera-
tion in SHED

The results shown in Figure 2A indicate that SHEDs
supplemented with varying concentrations of IL-17A
exhibited significant (p < 0.05) proliferative activity
from days 1 to 5 compared to untreated cells. Specif-
ically, SHEDs supplemented with IL-17A at concen-
trations of 10, 25, 50, and 100 ng/mL showed signif-
icantly higher proliferative activity compared to un-
treated cells and SHEDs treated with 5 ng/mL IL-17A
from day 3 onwards.
In Figure 2B, the ALP activity was evaluated. The re-
sults show that ALP activity was enhanced from day 7
until day 14. Specifically, SHEDs supplemented with
IL-17A at concentrations of 10, 25, 50, and 100 ng/mL
showed significantly higher ALP activity compared to
untreated cells and SHEDs treated with 5 ng/mL IL-
17A.
These findings suggest that IL-17A supplementation
promoted proliferative activity and enhances ALP ac-
tivity in SHEDs, with higher concentrations of IL-17A
showing more significant effects compared to lower
concentrations and untreated cells.

IL-17A increased osteogenic protein ex-
pressions
The analysis of osteogenic protein expression in
SHEDs was conducted by culturing the cells in os-
teoinducing medium and treating them with 50
ng/mL of IL-17A. Five osteogenic markers associ-
ated with bone turnover were assessed in this study:
COL1A1, OCN, ALP, OPN, and RUNX2.
Immunoblots (Figure 3A) showed the presence of
bands of approximately 60 kDa, 80 kDa, 55 kDa, 6
kDa, and 65 kDa in size, corresponding to COL1A1,
OCN, ALP, OPN, and RUNX2 proteins, respectively,
in both untreated and treated cells. Untreated cells
were used as controls.
Figure 3 B presents the expression levels of COL1A1,
OCN, ALP, OPN, and RUNX2 proteins on days 3,
7, and 14 regarding supplementation with 50 ng/mL
of IL-17A. The expression of COL1A1 and ALP pro-
teins showed a steady increase on days 3 and 7,
reaching their peak expression on day 14. After 2
weeks of stimulation, bothCOL1A1 andALPproteins
showed significantly elevated expression (p < 0.05) in
the IL-17A-treated groups compared to the untreated
group. RUNX2, an early osteogenic marker, exhib-
ited the highest expression on day 7. Notably, mature
bone differentiation markers such as OPN and OCN
showed a gradual increase on days 3 and 7, with the
peak expression of proteins observed on day 14 in the
IL-17A-supplemented groups (p < 0.05). These find-
ings suggest that IL-17A supplementation promoted
the expression of osteogenic markers in SHED, indi-
cating enhanced osteogenic differentiation potential
of the cells.
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Figure 1: Morphology and stem cell marker expression of SHED. (A) SHED appears in elongated spindle shape, (B) 
SHED highly expressed CD105, CD44, c-Myc and Nanog but not CD34.
Abbreviations: CD: Cluster of differentiation, FITC: Fluorescein isothiocyanate, PE: Phycoerythrin, SHED: Stem cells 
isolated from human exfoliated deciduous teeth

Figure 2: Influence of varying concentrations of recombinant IL-17A on proliferation (A) and alkaline phos-
phatase activity (B) in SHED. Untreated cells were used as a control. The data presented is mean +/- SD from 3 
biological experiments. *p < 0.05 versus the control; #p < 0.05 versus IL-17A treated group (5 ng/ml). The percent-
age of cell viability of control is constant (100%).
Abbreviations: IL: Interleukin, SHED: Stem cells isolated from human exfoliated deciduous teeth
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Figure 3: Osteogenicmarker expression in SHED treatedwith/without recombinant IL-17A at days 3, 7 and
14. (A) An illustrative proteins expression of COL1A1, RUNX2, ALP, OCN, and OPN as identified using western blot-
ting. (B) Semi-quantification of the integrated density values of COL1A1, RUNX2, ALP, OCN, and OPN protein 
expressions using Image J software. Data is presented as relative mean intensity of protein expression ± SD for 
three independent experiments. *p < 0.05 denotes statistical significance in controls, #p < 0.05 denotes statistical 
significance between SHED + IL-17A + OM and SHED + IL-17A.
Abbreviations: ALP: Alkaline Phosphatase, COL1A1: Collagen type I alpha 1 chain, IL-17A: Interleukin-17A, 
OCN: osteocalcin, OM: osteogenic medium, OPN: Osteopontin, RUNX2: Runt-related transcription factor 2, 
SHED: Stem cells isolated from human exfoliated deciduous teeth
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Figure 4: Scatter plots of selected gene expression of (A) SHED + IL-17A and (B) SHED + OM + IL-17A from 
real time PCR array. The plots compare the normalized expression of each gene on the array. The upper and 
lower lines represent the selected fold regulation threshold, and data points far beyond the upper left and lower 
right lines satisfy the choses fold regulation threshold.
Abbreviations: IL-17A: Interleukin-17A, OM: osteogenic medium, PCR: Polymerase chain reaction, SHED: Stem 
cells isolated from human exfoliated deciduous teeth

Figure 5: The activation of MAPK via ERK signalling pathway. (A) A representative immunoblot of ERK and 
p-ERK expressions SHED + OM and SHED + OM + IL-17A at days 1, 3, 7, 10, and 14. Quantification of integrated 
normalization value of (B) ERK and (C) p-ERK expressions by image J software. Data is presented as mean signal in-
tensity of protein expression + SD for three independent experiments. ap < 0.05 when compared to SHED, bp < 
0.05 when compared to day 1 (SHED + OM), cp < 0.05 when compared to day 1 (SHED + OM + IL-17A).
Abbreviations: ERK: extracellular signal-regulated kinase, IL-17A: Interleukin-17A, MAPK: Mitogen-activated 
protein kinases, OM: osteogenic medium, SHED: Stem cells isolated from human exfoliated deciduous teeth
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Table 1: MAP kinase genes expression in (A) SHED + IL-17A and (B) SHED + OM+ IL-17A

SHED + 
IL-17A

SHED +
OM +
IL-17A

ERK 1,2 signalling
EGFR 2.7 14.07 Epidermal growth factor receptor
ARAF 3.29 14.15 V-raf murine sarcoma 3611 viral oncogene homolog
BRAF 4.35 14.44 V-raf murine sarcoma viral oncogene homolog B1
RAF1 5.84 19.8 V-raf-1 murine leukemia viral oncogene homolog 1
KRAS 4.24 13.15 V-Ki-ras 2 Kirsten rat sarcoma viral oncogene homolog
HRAS 4.2 14.11 V-Ha-ras Harvey rat sarcoma viral oncogene homolog
MAP2K1 3.72 22.08 Mitogen-activated protein kinase kinase 1
MAP2K2 4.62 35.31 Mitogen-activated protein kinase kinase 2
MAPK1 4 15.45 Mitogen-activated protein kinase 1
MAPK3 4.71 15.66 Mitogen-activated protein kinase 3
GRB2 3.65 12.6 Growth factor receptor-bound protein 2
MOS 48.16 37.99 V-mos Moloney murine sarcoma viral oncogene homolog
MKNK1 6.1 11.31 MAP kinase interacting serine/threonine kinase 1
ERK5 Signalling
MAP3K1 3.15 38.92 Mitogen-activated protein kinase kinase kinase 1
MAP3K2 3.48 13.38 Mitogen-activated protein kinase kinase kinase 2
MAP3K3 5.56 13.15 Mitogen-activated protein kinase kinase kinase 3
MAP2K5 3.51 14.88 Mitogen-activated protein kinase kinase 5
MAPK7 3.93 16.52 Mitogen-activated protein kinase 7
CREB1 4.49 13.26 CAMP responsive element binding protein 1
ERK3 Signalling
MAPK6 5.35 14.36 Mitogen-activated protein kinase 6
p38 Signalling
MAP4K1 32.02 55.51 Mitogen-activated protein kinase kinase kinase kinase 1
MAP2K3 4.6 19.38 Mitogen-activated protein kinase kinase 3
MAP2K6 3.48 8.9 Mitogen-activated protein kinase kinase 6
MAPK11 9.01 19.41 Mitogen-activated protein kinase 11
MAPK12 4.26 14.53 Mitogen-activated protein kinase 12
MAPK13 2.96 8.52 Mitogen-activated protein kinase 13
MAPK14 4.71 8.32 Mitogen-activated protein kinase 14
MAPKAPK2 4.25 15.61 Mitogen-activated protein kinase-activated protein kinase 2
MAPKAPK3 3.57 18.43 Mitogen-activated protein kinase-activated protein kinase 3
JNK Signalling
RAC1 4.13 11.52 Ras-related C3 botulinum toxin substrate 1 (rho family, small

GTP binding protein Rac1)
PAK1 4.07 13.08 P21 protein (Cdc42/Rac)-activated kinase 1
MAP3K4 4.16 13.65 Mitogen-activated protein kinase kinase kinase 4
MAP2K4 5.13 14.84 Mitogen-activated protein kinase kinase 4
MAP2K7 2.93 22.58 Mitogen-activated protein kinase kinase 7
MAPK8 2.95 12.37 Mitogen-activated protein kinase 8
MAPK9 3.32 13.22 Mitogen-activated protein kinase 9
MAPK10 6.83 12.06 Mitogen-activated protein kinase 10
Transcription factors common for ERK, p38 and JNK
ELK1 6.45 39.35 Member of ETS oncogene family

Continued on next page
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Table 1 continued

Transcription factors common for ERK1/2 and ERK5
ETS1 4.94 22.49 V-etserythroblastosis virus E26 oncogene homolog1 (avian)
ETS2 4.82 21.89 V-etserythroblastosis virus E26 oncogene homolog2 (avian)
Transcription factors common for ERK and p38
MYC 5.7 40.92 V-mycmyelocytomatosis viral oncogene homolog (avian)
FOS 5.46 164.29 FBJ murine osteosarcoma viral oncogene homolog
Transcription factors for JNK and p38
ATF2 4.03 13.29 Activating transcription factor 2
Transcription factors for JNK alone
JUN 4.72 26.4 Jun proto-oncogene
Osteogenic gene
COL1A1 8.02 63.915 Collagen, type 1, alpha 1
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Figure 6: A summary of IL-17A effects on the bone remodelling mechanism. It regulates the 
expression of osteogenic markers and the OPG/RANKL pathway, and modulates specific subgroups of the MAPK 
signalling pathway in SHED.
Abbreviations: ALP: Alkaline Phosphatase, COL1A1: Collagen type I alpha 1 chain, ERK: extracellular signal-
regulated kinase, IL-17A: Interleukin-17A, MAPK: Mitogen-activated protein kinases, OCN: osteocalcin, OM: 
osteogenic medium, OPG: Osteoprotegerin, OPN: Osteopontin, RANKL: receptor activator of nuclear factor-kB 
ligand, RUNX2: Runt-related transcription factor 2, SHED: Stem cells isolated from human exfoliated deciduous 
teeth

Gene symbol/ID 

Fold change

SHED + 
IL-17A

SHED +
OM +
IL-17A

Gene description

Abbreviations: IL-17A: Interleukin-17A, OM: osteogenic medium, SHED: Stem cells isolated from human 
exfoliated deciduous teeth
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IL-17A activated MAP kinase signaling
pathway

This study focused on the MKKKK, MAPK, MKKK,
and MKK family members and their respective tran-
scription factors, which are modulated through MAP
kinase signaling. Figure 4 shows scatter plots of
the gene expression in Group 1 (SHED + IL-17A)
and Group 2 (SHED + IL-17A + OM). A total of 42
genes were significantly upregulated (p > 0.05) follow-
ing supplementation with IL-17A in both groups, as
shown in Table 1. Interestingly, the mRNA expres-
sion of upstream regulators of MAPK signaling path-
ways was activated during the osteogenic differentia-
tion of SHEDs treated with IL-17A.
Specifically, significant upregulations were observed
in the regulators of ERK 1,2 signaling (EGFR, ARAF,
BRAF, RAF1, KRAS, MAP2K1, MAP2K2, MAPK1,
MAPK3, GRB2, MOS, and MKNK1) in SHEDs
treated with IL-17A. Additionally, IL-17A stimu-
lated the activation of some regulators in ERK5 sig-
naling. MAP3K1, MAP3K2, MAP3K3, MAP2K5,
MAPK7, andCREB1were upregulated in both groups
treated with IL-17A. In the case of ERK3 signal-
ing, the downstream effector MAPK6 was upregu-
lated. IL-17A also promoted the activation of the
p38 signaling pathway, as evidenced by the upregu-
lation of MAP4K1, MAP2K3, MAP2K6, MAPK11,
MAPK12, and MAPK13 pathways, along with in-
creased downstream effector kinases MAPKAPK2
andMAPKAPK3, as well as transcription factors such
as ELK1 and ATF2.
The study also investigated IL-17A’s role in JNK
signaling and found that IL-17A significantly ele-
vated the downstream JNK mediators MAPK8/JNK,
MAPK9/JNK2, and MAPK10/JNK3 on day 7. Ad-
ditionally, MAP4 kinases RAC1 and PAK1 were up-
regulated in the IL-17A-treated groups, along with
increased expression of MAP3 kinases and dual-
specificity kinases such as MAP3K4, MAP2K7, and
MAP2K4. Subsequently, transcription factors such as
ELK-1, c-Jun, and ATF-2, which are involved in this
pathway, were also elevated in both groups.
The study further evaluated the involvement of
MAPKs in the modulation of osteogenic differenti-
ation of SHEDs induced with IL-17A by assessing
the expression of essential transcription factors in os-
teogenic differentiation, including COL1A1, RUNX2,
and ALP. Remarkable increases were observed in the
IL-17A-treated groups, indicating that MAPK signal-
ing was activated during SHEDs’ osteogenic differen-
tiation.

IL-17A promoted SHED osteogenic differ-
entiation via ERK/MAPK signaling pathway

The analysis of the ERK/MAPK signaling pathway
in SHEDs was conducted by culturing the cells in
osteoinducing medium and treating them with IL-
17A at a concentration of 50 ng/mL. The expression
of ERK and p-ERK during osteogenic differentiation
was evaluated and normalized using GAPDH as an
endogenous protein, as shown in Figure 5.
The results showed that the expression of ERKwas de-
tected in both the SHED+OMand SHED+OM+ IL-
17A groups on days 1, 3, 7, 10, and 14 of osteogenic
differentiation. The highest expression of ERK was
observed on day 14 in the SHED + OM + IL-17A
group. Additionally, the expression of p-ERK showed
an increasing trend during the osteogenic differenti-
ation phase in both the SHED + OM and SHED +
OM+ IL-17A groups, with the highest expression ob-
served on day 10 in the SHED + OM + IL-17A group.
Further analysis of ERK expression revealed that it
gradually increased throughout the osteogenic differ-
entiation phase and peaked during themineralization
phase on day 14, with significant increases on days 10
and 14 in the SHED + OM + IL-17A group compared
to day 1 of SHED+OM(p<0.05). Thehighest expres-
sion of ERK was demonstrated in the SHED + OM +
IL-17A group on day 14.
Similarly, the expression of p-ERK increased gradu-
ally from days 1 to 10 in both the SHED + OM and
SHED+OM+ IL-17Agroups, peaking during the dif-
ferentiation phase on day 10, as shown in Figure 5C.
The highest expression of p-ERKwas observed on day
10 in the SHED + OM + IL-17A group (p < 0.05)
compared to days 1, 3, and 7 in the SHED + OM
group. Remarkably, the expression of p-ERK was sig-
nificantly upregulated on day 14 in the SHED+OM+
IL-17A group compared to day 1 in the SHED + OM
group (p < 0.05).

DISCUSSION
SHEDs were used in this study due to their numerous
advantages, which include robust stemness, pluripo-
tency, relative ease of harvesting, and clinical impor-
tance20,21. The osteogenic differentiation potential
of SHEDs has been well-documented. On the other
hand, the underlying mechanism of IL-17A modula-
tion and its osteogenic function in SHEDs remain un-
known. A deeper understanding of this mechanism
will thus be essential for SHEDs’ high-performing
stimulation of osteogenic differentiation. This study
demonstrated the potential function of IL-17A in the
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osteogenic differentiation and proliferation mecha-
nisms of SHEDs grown in two different culture con-
ditions. Moreover, both the IL-17A and MAPK sig-
naling pathways are essential for cell differentiation
and proliferation22. Until now, no research in the lit-
erature has presented the role of the MAPK signaling
pathwaywithin the osteogenic regulation of IL-17A in
SHEDs. In this study, we demonstrated that IL-17A
and the MAPK signaling pathway are involved in the
proliferation and differentiation of SHEDs.
In addition, Western blot analyses of OPN, COL1,
OCN, ALP, and RUNX2 markers were carried out to
assess the osteogenic differentiation induced by IL-
17A in SHEDs. ALP is widely known as an early-
stage osteogenic marker23. Type 1 collagen is one of
themajor components of bone extracellularmatrix24.
The development of inorganic bone matrix is associ-
ated with COL1, which is regarded as a prognostic
marker of osteoblast differentiation and constitutes
roughly 90% of its organic matrix25. RUNX2 is an es-
sential transcription factor for MSCs to differentiate
into osteogenic cells26. The osteogenic marker genes
BSP, ALP, type 1 collagen, and osteocalcin can be ex-
pressed under RUNX2 regulation27. OCN, which is
expressed in the last stages of osteogenic differentia-
tion, is the top prevalent non-collagenous bone ma-
trix protein28. It is also a prominent marker of late-
stage osteoblast differentiation29. The RUNX2 ex-
pression level was elevated during the early differenti-
ation stage, whereas OPN, COL1, OCN, and ALP ex-
pression levels were elevated in the late differentiation
stages. Moreover, in SHEDs supplicated with IL-17A,
all markers were expressed at elevated levels.
The correlation of both extracellular signals and
transcriptional regulation is critical for controlling
cell lineage selection. MAPK pathways moniker
non-canonical pathways30 regulate several impor-
tant signaling events intracellularly, such as cell
growth, apoptosis, proliferation, and differentia-
tion31,32. Furthermore, MAPK’s role in the os-
teogenic differentiation of MSCs has been well-
documented33–35. Despite becoming stimulated by
diverse stimuli, the key members of this cascade,
p38, ERK5, JNKs, and ERK1/2, have basically dis-
tinct downstream targets and illustrate their specific
functions in various cellular functions36. Although
the central role of IL-17A in the modulation of nu-
merous biological mechanisms in somatic tissues is
already established, research into the role of IL-17 in
cell differentiation is in its infancy. Furthermore, IL-
17A has been discovered to stimulate all three sub-
groups ofMAPKs in a cell-specificmanner across var-
ious cell types37–39. Previous research in mouse my-
oblasts11 and human bone marrow MSCs12 showed

that MAPK and ERK1/2 were involved in the IL-
17-mediated enhancement of osteogenic differenti-
ation12. On the other hand, according to Dorde-
vic et al.15, IL-17 significantly inhibited the os-
teogenic development of PDLSCs via the ERK1/2 and
JNK/MAPK signaling pathways.
Several studies have reported the association between
ERK1/2 and osteogenic markers. Among these, a
study by Zhang et al. (2016)40 stated that the OPN
and COL1A expressions increased when a low mag-
nitude of mechanical stress (LMMS) was applied,
but the expressions were significantly inhibited when
treated with a MEK1/2 inhibitor. They also ana-
lyzed the involvement of LMMS-activated ERK in os-
teoblast differentiation; ALP activity was significantly
increased by the application of LMMS40. Similar to
the role of LMMS in that study, this study also demon-
strated a notable effect of IL-17A on SHEDs concern-
ing OPN and COL1A1 regulation, as well as ALP ac-
tivity by stimulating the ERK pathway, which pro-
moted osteogenesis.
According to Kocic et al., the induction of the osteo-
genesis process by IL-17 was correlated with an in-
crease in the level of Runx2mRNA11. Herein, IL-17A
increased SHEDs’ osteogenic differentiation. IL-17A
significantly increased RUNX2 expression and acti-
vated ERK signaling in SHEDs. These findings sug-
gest that an ERK/RUNX2-dependent pathway medi-
ates IL-17A-induced SHED osteogenesis. Our find-
ings support the notion that VEGF-C would stimu-
late MSC osteogenesis through a RUNX2- and ERK-
dependent signaling pathway 31. Previous research
supports our findings that Runx2 is regulated by
ERK/MAPK, implying that this cascade plays a signif-
icant role in modulating the expression of osteoblast-
specific genes41–43.
Recently, Wu et al. demonstrated that TRAF4-ERK5
signaling is critical for epidermal cell proliferation
stimulated by IL-17A44. The ERK5 cascade is as-
sociated with the corresponding kinases included in
our study: MAP3K1, MAP3K2, MAP2K5, MAPK7,
andMAP3K3, which is induced by IL-17A.MAP3K2,
MAP3K3, and MAP3K145–47 are serine/threonine
protein kinases that can activate and phosphorylate
MAP2K5, leading to the activation of MAPK7, be-
longing to the MAP kinase family. This is involved
in the modulation of cell differentiation, prolifera-
tion, and survival. Mitogen-activated protein kinase 5
(MAP2K5/MEK5) activation phosphorylates various
downstream targets, including MEF2C48,49. IL-17A
activated all of the ERK5 kinases in our study, which
modulated the osteogenic differentiation and prolif-
eration of SHEDs.
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Gu et al. (2015) evaluated the function of c-Jun N-
terminal kinase (c-JNK) in the osteogenic differenti-
ation of human adipose-derived MSCs50. The sup-
pression of the JNK signaling cascade inhibited os-
teogenic differentiation in a dose-dependent man-
ner, as demonstrated by combining an extracellular
calcium deposition identification, ALP activity assay,
and osteogenesis-associated genes (ALP, OCN, and
Runx2). The authors concluded that the JNK path-
way regulated early and late osteogenic differentiation
of hAMSCs by modulating ALP, RUNX2, and OCN
expression and matrix mineralization. These find-
ings are similar to our study of SHEDs, wherein the
corresponding protein and gene expressions were en-
hanced by IL-17A through JNK activation. Based on
these observations, we propose that the c-JNK path-
way promotes osteogenesis in SHEDs.
These findings point to a potential mechanism in
which the increased expression of all MAPK, MKKK,
and MKK family members, genes in response to IL-
17A stimulation, and transcription factors are mod-
ulated by the MAPK cascade. This provides a novel
insight into the molecular mechanisms of IL-17A-
regulated SHEDs. IL-17A has received considerable
attention in the pathogenesis of periodontitis, pri-
marily due to its ability to promote inflammation
and enhance protective antimicrobial immune re-
sponses51. Consequently, targeting IL-17 or its re-
ceptor has emerged as a potential strategy to modu-
late MAPK activation and alleviate the inflammatory
response associated with periodontitis.
In our study, the osteogenesis effect of IL-17 was ap-
parently dependent on p38, ERK1/2, and JNKMAPK
activity. Notably, expression of all ERK, p38, and JNK
upstream and downstream signals was likewise ele-
vated, as was the increase of both osteogenic genes
and COL1A1 included in this array. The increase in
COL1A1 levels highlighted that IL-17A can induce
SHED osteogenic differentiation via MAPK activa-
tion.
The ERK expression level of SHED+OM+ IL-17A on
day 10 significantly increased and showed the high-
est peak on day 14 when compared to day 1 of SHED
+ OM. This result demonstrated that ERK expres-
sion was only upregulated during several stages of
SHED osteogenic differentiation, such as differen-
tiation (day 10) and the mineralization phase (day
14). In addition, these findings suggested that IL-17A
played a significant role in enhancing the osteogenic
differentiation process of SHED, corresponding with
the ERK expression level in the IL-17A-treated group.
This was supported by a study stating that insolu-
ble and soluble extracellular signals could stimulate

ERK1/2 and lead to the activation of crucial cellular
processes such as essential transcriptional and pheno-
typic differentiating pathways via the protein kinase
cascade activation43.
In this study, p-ERK expression was evaluated in
SHED, SHED + OM, and SHED + OM + IL-17A,
specifically recognizing the dually phosphorylated
(fully activated) ERK signaling pathway in the SHED
osteogenic differentiation process. The p-ERK ex-
pression showed markedly increased expression from
day 1 until day 10 and decreased during the miner-
alization phase (day 14) in SHED + OM and SHED
+ OM + IL-17A. Our result demonstrated signifi-
cant upregulation, with the highest peak of p-ERK ex-
pression during the differentiation phase at day 10 in
SHED + OM + IL-17A when compared to day 1 in
SHED + OM. This was supported by a recent study
that showed that ERK phosphorylation levels peaked
at osteogenic culture day 12 and slowly decreased in
late differentiation phases, indicating that ERK was
highly elevated in mature osteoblasts51. However,
no significant p-ERK expression occurred in either
SHED + OM group on days 1, 3, or 7, which might
be due to the early osteogenic differentiation phase in
SHEDs. A previous study stated that the bone reg-
ulation mechanism was usually undetectable on day
352. Interestingly, that study confirmed that undif-
ferentiated SHEDs did not activate the ERK signaling
pathway. The activation of ERK1/2 signaling path-
ways in the osteogenic differentiation of SHEDs sup-
plicated with IL-17Awas similar to the previous study
that showed that IL-17A enhanced osteogenic differ-
entiation in IL-17A-supplicated SHEDs in compar-
ison to untreated cells by demonstrating increased
ALP, OPN, RUNX2, OCN, and COL1A1 expres-
sion. These findings were also supported by another
study that stated that the ERK/MAPK pathway indi-
rectly affected osteoblast differentiation by activating
RSK2, which subsequently phosphorylated the tran-
scriptional regulator of late-stage osteoblast synthetic
functions, ATF453. Further studies on the effect of IL-
17A in in vivo experiments will further elucidate the
involvement of cytokines in bone regulation.

CONCLUSIONS
These fi ndings hi ghlight th e si gnificance of the 
ERK/MAPK signaling cascade in mediating the os-
teogenic differentiation of SHEDs in response to IL- 
17A stimulation (Figure 6). These results empha-
size the important role of these intracellular signal-
ing pathways in regulating the osteogenic potential of
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SHEDs. This has significant implications for the po-
tential application of SHEDs in bone tissue engineer-
ing, especially considering the wide range of cellular
sources that can be used for this purpose.

ABBREVIATIONS
BSP: Bone sialoprotein, Colla1: Type I collagen,
IL-17A: Interleukin-17A, MAPK: Mitogen-activated
protein kinases, NF-κB: Nuclear factor-κB, OPG:
Osteoprotegerin, OPN: Osteopontin, SHED: Stem
cells isolated from human exfoliated deciduous teeth,
Th17: T helper 17 cell, α-MEM: Alpha minimum es-
sential medium
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