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A B S T R A C T

Introduction and Aims: Odontogenic differentiation of human dental pulp stem cells

(hDPSCs) is critical for pulp repair. This study aims to characterise the secretory peptidome

of human dental pulp stem cells (hDPSCs) during odontogenic differentiation, thereby pro-

viding insights into potential dental pulp repair strategies.

Methods: We employed tandem mass tag labelling coupled with liquid chromatography

−tandem mass spectrometry to compare the peptide profiles of undifferentiated and dif-

ferentiated hDPSCs−conditionedmedium (CM), followed by in-depth bioinformatics analy-

sis. A Cell Counting Kit-8 assay was conducted to screen for functional peptides present in

the hDPSCs-CM. 5-Ethynyl-20-deoxyuridine staining, flow cytometry, transwell migration,

alkaline phosphatase activity, and alizarin red S staining, quantitative real-time polymer-

ase chain reaction, and Western blot analyses were performed to preliminarily investigate

the functions of the selected peptide.

Results: A total of 90 peptides were differentially expressed in differentiated hDPSCs-CM

compared with undifferentiated hDPSCs-CM. Gene Ontology analysis suggested that the

differentially expressed peptides were closely associated with biological processes, includ-

ing cell proliferation, growth, and reproduction. Kyoto Encyclopedia of Genes and Genomes

enrichment analysis suggested that the precursor proteins of these peptides were signifi-

cantly enriched in the PI3K-Akt signalling pathway, carbon metabolism, and extracellular

matrix−receptor interactions. Furthermore, we identified a secreted peptide that promotes

the proliferation, migration, and odontogenic differentiation of hDPSCs and named it P1DC

(peptide 1 derived from CFL1 protein).

Conclusions: Our study is the first to identify differentially expressed peptides between

undifferentiated and differentiated hDPSCs-CM. Furthermore, we discovered a novel

secreted peptide, P1DC, which significantly enhances hDPSC function.

� 2026 Published by Elsevier Inc. on behalf of FDI World Dental Federation. This is an open

access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/)
Key words:
hDPSCs

P1DC

Secreted peptide

LC-MS/MS

Odontogenic differentiation
edu.cn (K. Xie),

n behalf of FDI World Dental Federation. This is an open access article under the CC BY-NC-
ses/by-nc-nd/4.0/)
Introduction

Dental caries is recognised as one of the most prevalent

chronic diseases.1 As the carious lesion advances into dentin,

bacteria and their toxic by-products invade the pulp tissue

via dentinal tubules, leading to damage of varying severity.
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Dental pulp tissue is central to maintaining the defensive,

formative, sensory, and nutritional functions of the tooth.2

Following the removal of compromised pulp tissue, the tooth

loses its vitality, potentially leading to complications such as

fracture.3 Human dental pulp stem cells (hDPSCs) are a popu-

lation of mesenchymal stem cells capable of odontogenic dif-

ferentiation, enabling them to produce reparative dentin and

promote pulp repair.4 Numerous physical and chemical fac-

tors, including light exposure, hypoxia, mechanical stress,

growth factors, bioactive materials, and hormones, have

been reported to influence the odontogenic differentiation of

hDPSCs. However, the factors influencing hDPSC differentia-

tion and the underlying mechanisms still require more in-

depth investigation.5

An increasing number of reports have indicated that

hDPSCs can secrete many bioactive factors and extracellular

vesicles into the conditioned medium (CM), which is of great

significance in the processes of tissue repair, angiogenesis,

anti-inflammatory response, and immune regulation.6

Recently, hDPSCs-CM have been used to direct odontogenic

and osteogenic differentiation. Swanson et al7 demonstrated

that exosomes derived from hDPSCs upregulate odontogenic

gene expression and enhance mineralisation in vitro. Fur-

thermore, they promote reparative dentin bridge formation

in vivo, exhibiting superior efficacy compared to glass-ion-

omer cement alone. Barone et al8 reported that hypoxic den-

tal pulp stem cells−CM exhibit a greater capacity to induce

human umbilical vein endothelial cell adhesion to fibronec-

tin, migration, and the formation of capillary-like structures

compared to normoxic dental pulp stem cells−CM. These

findings indicate that the secretory profile of hDPSCs is com-

plex and varies under different physiological conditions.

Therefore, further investigation is required to identify addi-

tional hDPSC-secreted factors and elucidate their regulatory

mechanisms.

Advances in mass spectrometry technology have signif-

icantly expanded the research scope of peptidomics.9

Short peptides, typically comprising 3 to 50 amino acids,

are a class of bioactive substances capable of interacting

with DNA and histone proteins, thereby influencing key

cellular processes such as proliferation, differentiation,

and apoptosis.10 Peptidomics analysis can provide impor-

tant information about proteolytic activity under relevant

environmental conditions, as well as details about poten-

tial bioactive peptides. Furthermore, certain mesenchymal

stem cells have been shown to secrete functional antimi-

crobial peptides, including LL-37, hepcidin, and b-defen-

sin-2, which contribute to combating bacterial infections

and promoting wound healing.11 However, there are no

studies to elucidate the peptides of hDPSCs-CM in direct-

ing hDPSC odontogenic differentiation.

Here, we combined the tandem mass tag (TMT) label-

ling method with liquid chromatography (LC)−tandem

mass spectrometry (MS/MS) analysis for comprehensive

analysis and quantification of the secreted peptides from

undifferentiated and differentiated hDPSCs-CM. This

approach allowed us to explore the profiling of secreted

peptidomes related to odontogenic differentiation, provid-

ing a basis for their use in reparative dentinogenesis and

pulp repair.
Method

Ethics approval

Human teeth were derived from patients who underwent

treatment at the stomatology department of Women’s Hospi-

tal of Nanjing Medical University (Nanjing Maternity and

Child Health Care Hospital). Each participant provided writ-

ten informed consent. The Ethics Committee of the Women’s

Hospital of Nanjing Medical University (Nanjing Maternity

and Child Health Care Hospital) approved this study (No.

2022KY-001-01).

Preparation of hDPSCs

Inclusion criteria were (1) derivation of teeth for orthodontic

treatment or extraction of the thirdmolars; (2) healthy, nonde-

cayed teeth; and (3) age between 10 and 25 years, no history of

arthritis or systemic diseases, and no immunosuppressants or

antibiotics taken within 2 months. Eighteen healthy perma-

nent teeth from 10 patients were collected. Dental pulp tissues

were stripped under sterile conditions, mixed together, and

then subjected to primary cell isolation and culture.

The hDPSCs were obtained by enzymatic digestion and the

tissue explant adherent method, as previously reported.12 The

freshly extracted teeth were ground with a turbine in the neck

of the tooth to create a guiding groove, and then the teeth

were cut off at the guiding groove using a cutting forceps in a

laminar flow hood. The acquired pulp tissue samples were cut

into pieces approximately 0.5 to 1.0 mm3 in size, and 3 mg/mL

collagenase I (Sigma) and 4 mg/mL dispase (Sigma) were

added. The mixture was digested at 37 °C for 30 minutes, and

the cells and tissue fragments were transferred to a culture

flask. Cells were cultured in Mesenchymal Stem Cell Medium

(ScienCell) consisting of basal medium, foetal bovine serum,

and mesenchymal stem cell growth supplement in a humidi-

fied CO2 (5%) incubator maintained at 37 °C. When the cells

reached the third passage (P3), cells in good condition were

selected for all subsequent experiments to ensure consistent

cell sources and experimental reproducibility.

Cell differentiation

Odontogenic differentiation of hDPSCs was induced with

Mesenchymal Stem Cell Osteogenic Differentiation Medium

(MODM; ScienCell) consisting of 500 mL basal medium, 25 mL

foetal bovine serum, 5 mL Mesenchymal Stem Cell Osteo-

genic Differentiation Supplement, and 5 mL penicillin/strep-

tomycin solution. We seeded hDPSCs at passage 3 in 6-well

plates and allowed them to reach 80% confluency. MODM

was used for 21 days and subsequently exchanged every 2 to

3 days. Alizarin red S (ARS A5533; Sigma-Aldrich) was used

after the cells had been fixed for 30 minutes with 4% parafor-

maldehyde. Mineral nodules were observed and recorded

under a light microscope (Observer D1; Zeiss).

Adipogenic differentiation was performed according to the

OriCell Kit (Cyagen). We seeded hDPSCs at passage 3 in 6-well

plates and allowed them to reach 100% confluency. Then, adi-

pogenic differentiation was guided using medium A and

medium B containing glutamine, dexamethasone, 3-isobutyl-



Table – Experimental setup.

Item Parameter

Donor number A total of 18 healthy permanent teeth

from 10 patients

Passages used P3

Number of CM batches 6 (3 undifferentiated hDPSCs-CM and 3

differentiated hDPSCs-CM)

Number of MS injections 1

Abbreviations: CM, conditioned medium; hDPSC, human dental pulp

stem cell; MS, mass spectrometry.

s e c r e t ed p e p t i d ome p rofil i ng o f human denta l pu l p s t em c e l l s 3
1-methylxanthine, rosiglitazone, and insulin for 21 days. Oil

red O staining was performed after the cells had been fixed

for 30 minutes with 4% paraformaldehyde. Lipid droplets

were observed and recorded under a light microscope

(Observer D1; Zeiss).

Flow cytometry analysis

Cells were washed with phosphate-buffered saline (PBS)

3 times, resuspended, and counted (1 £ 105 cells/sample). For

flow cytometry identification of hDPSC surface markers, cells

were then aliquoted at 1 £ 105 cells/100 mL into centrifuge

tubes; 2 mL of CD29-PE, CD146-PE, CD90-PE, CD105-PE, CD34-

PE, and CD45-PE (Abcam, Cambridge, UK) were added, respec-

tively, and incubated in the dark at room temperature for

1 hour. For flow cytometry analysis of the cell cycle, 1 mL ice-

cold 70% ethanol was added and fixed at 4 °C for 12 hours;

then, 4 mL of Red Nucleus I staining solution was added and

incubated in the dark at 37 °C for 10 minutes. After centrifu-

gation and filtration of all cell samples, a flow cytometer (Gal-

lios Flow Cytometer; Beckman Coulter) was used to analyse

the cells.

Preparation of the undifferentiated and differentiated
hDPSCs-CM

For undifferentiated hDPSCs-CM collection, 15 Petri dishes

(10 cm) of P3 hDPSCs were cultured to 90% confluence. After

discarding the complete medium and washing 3 times with

PBS, serum-free Mesenchymal Stem Cell Medium−phenol
red free (ScienCell) basal medium was added. Supernatants

were collected after 24 hours, divided into 3 groups (5 dishes

per group), with 50 mL per group.

For differentiated hDPSCs-CM collection, 15 Petri dishes

(10 cm) of P3 hDPSCs were cultured to 80% confluence, then

induced with MODM for 14 days. After discarding MODM and

washing 3 times with PBS, serum-free Mesenchymal Stem

Cell Medium−phenol red free was added. Supernatants were

collected after 24 hours, divided into 3 groups (5 dishes per

group), with 50 mL per group.

Collected serum-free medium was centrifuged (4 °C,
1000g, 10 minutes and 12,000g, 10 minutes) to remove cell

debris, and a protease inhibitor (Roche) was added. Lastly,

undifferentiated and differentiated hDPSCs-CM were snap-

frozen in liquid nitrogen and stored (−80 °C) for further analy-
sis.

Peptide extraction and purification

A total of 6 CM samples (3 undifferentiated hDPSCs-CM and 3

differentiated hDPSCs-CM) prepared as above were analysed

by LC‑MS/MS. Each sample was subjected to only 1 indepen-

dent instrumental run, with no technical replicates. All col-

lected samples were treated with 10 mM DL-dithiothreitol

(Promega) and incubated at 56 °C for 1 hour. After the reaction

was complete, the mixture was cooled to room temperature,

and 55 mM iodoacetamide was added and incubated in the

dark for 45 minutes. Thereafter, the peptide solution was

desalted using a Strata-X C18 column (Phenomenex), frozen,

and dried. The dried peptide samples were resolubilised with
300 mL 0.1% formic acid), vortexed for 1 minute, and centri-

fuged at 20,000g for 5 minutes, and the supernatant was col-

lected. Then, the samples were filtered twice using a 10-kDa

molecular-weight cutoff filter tube (Merck Millipore,

UFC501096) to collect the filtrate. All filtrates were lyophilised

to obtain the final peptide samples. The key information of

the specific experiment is shown in the Table.
TMT labelling and LC-MS/MS analysis

Each sample was labelled according to the manufacturer’s

instructions for the TMT labelling kit (Thermo Fisher Sci-

entific). Analysis of labelled peptides was performed on a

Q Exactive Orbitrap LC-MS/MS system (Thermo Fisher Sci-

entific). The mass spectrometry data were retrieved using

the MaxQuant (version 1.5.3.30) software, and the database

search algorithm employed was Andromeda. Qualitative

and relative quantitative analyses of the detected peptides

were performed using the SWISSPROT human database

from Uniprot.
Bioinformatics analysis

Based on the differentially expressed peptides, an in-depth

bioinformatics analysis of their precursor proteins was car-

ried out. The online tool pI/MW (http://web.expasy.org/com

pute.pi/) was applied to calculate the molecular weight (MW)

and isoelectric point (pI) of the identified peptides. The Gene

Ontology (GO) (http://www.geneontology.org/) and Kyoto

Encyclopedia of Genes and Genomes (KEGG) (http://www.

genome.jp/kegg/) enrichment analyses were carried out to

predict the functions of precursor proteins for differentially

expressed peptides. IPA (Ingenuity Pathway Analysis) soft-

ware was used to further analyse the functions and molecu-

lar networks. The UniProt database (http://www.uniprot.org/)

and Peptide Ranker (http://distilldeep.ucd.ie/PeptideRanker/)

were used to analyse the functional domains and bioactivity

of peptides, respectively.
Synthetic peptides

All the peptides used in this study were synthesised by Sci-

peptide. The purity of each peptide was 95%, as determined

by high-performance LC-MS. The peptides were dissolved in

distilled water with a final concentration of 50 mM/mL and

stored at �40 °C.

http://web.expasy.org/compute.pi/
http://web.expasy.org/compute.pi/
http://www.geneontology.org/
http://www
http://www.uniprot.org/
http://distilldeep.ucd.ie/PeptideRanker/
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Cell Counting Kit-8

The Cell Counting Kit-8 (CCK-8) assay (DOJINDO) was

employed to determine the effect of peptide concentration on

the viability of hDPSCs. Briefly, 5000 cells/100 mL were plated

into 96-well plates, and various concentrations of peptide

were added and cultivated for 0, 24, 48, and 72 hours in a

humidified CO2 (5%) incubator maintained at 37 °C. Then,

CCK-8 solution (10 mL) was added to each well and cultured

for another 2 hours. Finally, the absorbance of each well at

450 nm was measured by an enzyme-labelled instrument

hybrid reader (H4; Synergy).

5-Ethynyl-20-deoxyuridine staining assays

Cell light Edu Apollo kit (Ribobio) was employed to further

determine the effect of the selected polypeptide on cell prolif-

eration. Briefly, 1 £ 105 cells were plated into 96-well plates,

and peptides were added and cultivated. Then, 100 mL of

50 mM 5-ethynyl-20-deoxyuridine (EdU) was added to the cells,

and the cells were incubated at 37 °C for 2 hours. Then, cells

were fixed, decolorised, and stained. All images in the same

figure panel were acquired with the same exposure setting on

a fluorescence microscope and processed identically in

ImageJ (National Institutes of Health).

Transwell assay

Transwell chambers (Corning) were placed in a 24-well plate

with 8-mm pores to assess migration. The hDPSCs were sus-

pended using serum-free Dulbecco’s modified Eagle’s

medium containing 2.5 mM peptide 1 derived from CFL1 pro-

tein (P1DC) or vehicle or 2.5 mM cell-penetrating peptides

(CPP), adjusted to a concentration of 4 £ 104 cells/mL and

seeded separately into the upper chamber for cell migration.

At the same time, 650 mL Mesenchymal Stem Cell Medium

(ScienCell) was added to the lower chamber. The cells were

incubated for 48 hours at 37 °C in an incubator with 5% CO2.

The chamber was removed, washed with PBS, fixed in metha-

nol for 1 hour at room temperature, and stained with 0.1%

crystal violet for 15 minutes. The upper cells of the micropo-

rous membrane were carefully removed using a cotton swab,

and images were observed and collected using an inverted

optical microscope. Four fields of view were randomly

selected to calculate the number of cells passing through the

microporous membrane.

Alkaline phosphatase activity test and staining

The hDPSCs were seeded into 6-well plates at a density of

1 £ 105 cells/well. Then, they were divided into 3 groups for

induction for 7 days: control group with MODM alone, CPP

group with MODM containing 2.5 mM CPP, and P1DC group

with MODM containing 2.5 mM P1DC. For the alkaline phos-

phatase (ALP) activity test, the cells were lysed overnight at

4 °C in 0.2% Triton X-100 and incubated with the ALP activity

kit (Sigma‑Aldrich; Merck KGaA) following the man-

ufacturer’s instructions. The absorbance value of each sam-

ple was measured at a wavelength of 520 nm using an

automatic microplate reader. For ALP staining, cells were
fixed in 4% paraformaldehyde for 15 minutes at room temper-

ature and incubated following the protocol of the NBT/BCIP

Staining Kit (Beyotime). The stained cells were observed and

imaged using an inverted microscope.
Real-time fluorescence quantitative polymerase chain reaction

The hDPSCs were lysed with TRIzol reagent (Invitrogen,

Thermo Fisher Scientific), and total RNA was extracted using

the phenol-chloroform extraction method. The RNA concen-

tration was detected by an ultraviolet spectrophotometer,

and A260/A280 was measured. Then, the extracted total RNA

was reverse transcribed into complementary DNA according

to the instructions of the reverse transcription kit (Vazyme).

Real-time fluorescence quantitative polymerase chain reac-

tion was completed using the SYBR Green (Thermo Fisher Sci-

entific) method. Primer sequences were the following:

DSPP: forward, 50-ATATTGAGGGCTGGAATGGGGA-30;
reverse, 50-TTTGTGGCTCCAGCATTGTCA-30

GAPDH: forward, 50-AGTCCACTGGCGTCTTCACC-30;
reverse, 50-TGATCTTGAGGCTGTTGTCATACTTC-30

Relative expression level was computed using the 2�DDCt

method.
Protein extraction andWestern blotting

The hDPSCs were solubilised in lysis buffer (Beyotime) for

20 minutes, followed by centrifugation at 4 °C at 14,000g

for 20 minutes. The protein concentrations were detected

using a Protein Assay kit (Beyotime). The prepared pro-

tein samples were separated on sodium dodecyl sulfate

−polyacrylamide gel electrophoresis and transferred to

polyvinylidene fluoride membranes (Millipore). Mem-

branes were then blocked in 5% skim milk powder (Bio-

froxx) at room temperature for 2 hours and then

incubated with primary antibody at 4 °C overnight. Mem-

branes were washed 3 times with TBST, incubated with

secondary antibody for 2 hours at room temperature,

washed 3 times with TBST again, and then developed

with ECL luminescent solution (Millipore). The primary

antibodies used were GAPDH (1:1000; cat. ab128915;

Abcam) and DSPP (1:100; cat. sc 73632; Santa Cruz Bio-

technology). The secondary antibody was horseradish

peroxidase−linked goat anti-rabbit IgG (dilution in 1:5000;

Cell Signaling Technology, #7074) or goat anti-mouse IgG

(1:10,000; cat. 926 32210).
Statistical analysis

The differences between groups were assessed using an

unpaired Student t test using the SPSS 20.0 software package.

P < .05 was considered statistically significant. The threshold

value | fold change | ≥1.5 or ≤0.667 and P ≤ .05 were used to

screen differentially expressed peptides. Since the peptides

were identified only in the differentiated hDPSCs-CM group,

they were defined as the upregulated group of differentially

expressed peptides; conversely, they were defined as the

downregulated group of differentially expressed peptides.
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Results

Isolation and characterisation of hDPSCs

Pulp tissues obtained from teeth were used to extract the

hDPSCs used in this study (Figure 1A). Systematic characteri-

sation confirmed that hDPSCs retained typical morphologic

features (spindle-shaped fibroblast-like morphology)

(Figure 1B). After adding the respective inducers, the hDPSCs

exhibited multidirectional differentiation potential, such as

adipogenesis (detected using oil red O staining) and osteogen-

esis (detected using ARS staining) (Figure 1C). Additionally,

hDPSCs were characterised using flow cytometry analysis,

which revealed that isolated hDPSCs were positive for CD29,

CD146, CD90, and CD105 staining and negative for CD45 and

CD34 staining (Figure 1D). These results confirmed that the

hDPSCs were successfully isolated.
Secreted Peptide profiling of undifferentiated and
differentiated hDPSCs-CM

The peptides in hDPSCs-CM were extracted and identified by

the TMT labelling method combined with LC-MS/MS

(Figure 2A). A total of 1349 peptides were identified in the

undifferentiated and differentiated hDPSCs-CM. The length

of peptides ranged from 6 to 14 amino acids, but most peptide

fragments fell into the 12 to 14 amino acid range (Supplemen-

tary Figure 1A). The MW of most identified peptides ranged
Fig. 1 – Isolation and characterisation of human dental pulp stem

for hDPSC isolation from pulp tissue. B, Light microscopy of hDP

exhibited the potential for osteogenesis (alizarin red S staining) a

CD29, CD146, CD90, CD105, CD45, and CD34 surface markers.
from 500 to 1800 Da (Supplementary Figure 1B), and the pI val-

ues of peptides were uniformly distributed between 3 and 13

(Supplementary Figure 1C).
Characteristics of differentially expressed secreted peptides
from undifferentiated and differentiated hDPSCs-CM

The fold change was defined as the ratio of the average con-

centrations between the 2 peptide groups. If the concentra-

tion of the differentiated hDPSCs-CM group was greater than

that of the undifferentiated hDPSCs-CM group (| fold change |

≥1.5 or ≤0.667 and P ≤ .05), and the peptides were only identi-

fied in the differentiated hDPSCs-CM group, they were

defined as the upregulated group of differentially expressed

peptides; conversely, they were defined as the downregulated

group of differentially expressed peptides. As shown in the

pie chart (Figure 2B and Supplementary Table 1), we identified

90 differentially expressed peptides, including 66 upregulated

peptides and 24 downregulated peptides.

We also analysed the general characteristics of these dif-

ferentially expressed peptides. As shown in Figure 2C, the

MW distribution presented a wide range, mostly from 600 to

2000 Da. The pI values of the upregulated peptides were

mainly in the ranges of 3 to 4, 5 to 6, and 9 to 10, whereas

those of the downregulated peptides were mostly acidic and

mainly in the ranges of 3 to 4, 5 to 6, and 6 to 7 (Figure 2D).

Both the MW and pI of these peptides were broadly distrib-

uted (Figure 2E).
cells (hDPSCs). A, Schematic representation of the method

SCs at different culture passages (P0 and P3). C, HSPSCs

nd adipogenesis (oil red O staining). D, Flow cytometry for



Fig. 2 –Secreted peptide characterisation of the undifferentiated and differentiated human dental pulp stem cells−condi-
tionedmedium. A, Schematic representation of the method of the secreted peptide isolated and identified by liquid chroma-

tography (LC)−tandemmass spectrometry. B, Distribution of the differentially expressed peptides. C, D, Molecular weight

(MW) and isoelectric point (pI) of the differentially expressed peptides. E, Scatterplot of MW versus PI of the differentially

expressed peptides. F, G, Distributions of the N- and C-terminals of the differentially expressed peptides.

6 huang e t a l .
Pattern analysis of enzyme cleavage sites

The level of peptides is regulated by the activity of spe-

cific proteases, which release them from their respec-

tive precursor proteins. Therefore, the cleavage site

characteristics of differentially expressed peptides at
the C-terminus and N-terminus of the peptides were

analysed. As shown in Figure 2F, G, the 2 dominant

cleavage sites in the upregulated peptides were L (leu-

cine) (17%) and S (serine) (22%), whereas those in down-

regulated peptides were C (cysteine)/S (serine) (18%) and

S (serine) (28%).
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Bioinformatic analysis of the precursor proteins of the
differentially expressed peptides

Most peptides function as part of their precursors or as inac-

tivators of their precursors.13 To further investigate their

potential function, GO functional annotation and KEGG

pathway enrichment analysis of the precursor proteins of

differentially expressed peptides were performed. The

results of the GO function annotation enrichment analysis

consist of 3 components: cellular component, molecular

function ontologies, and biological process. As shown in

Figure 3A, the top 3 cellular components involved cell junc-

tion, synapse, and synapse part; the top 3 molecular func-

tions involved antioxidant activity, structural molecule

activity, and transporter activity; the top 5 biological pro-

cesses involved behaviour, cell proliferation, growth, repro-

duction, and reproductive process. KEGG pathway analysis

(Figure 3B) showed that the precursor proteins of differen-

tially expressed peptides were enriched in the longevity-reg-

ulating pathways of multiple species, PI3K-Akt signalling

pathway, platelet activation, and extracellular matrix (ECM)

−receptor interaction, among others. The protein-protein

interaction was analysed by the UniProt database and

STRING, the visualisation results of which are shown in

Figure 3C. Within the protein-protein interaction network,

the precursor proteins of differentially expressed peptides

were divided into 3 clusters based on interaction strength

and biological relevance. The red module mediates stress

and DNA damage responses to govern cell fate, the blue epi-

genetic module modulates gene transcription via chromatin

remodelling, and the green ECM module orchestrates the

microenvironment to link intracellular signalling with tissue

homeostasis. This modular organisation reveals the coordi-

nated functions of precursor proteins during odontogenic

differentiation, offering a mechanistic basis for their biologi-

cal roles.

Screening of bioactive peptides

Based on the above bioinformatics results, we used UniProt to

further predict the functions of the 4 most significantly upre-

gulated precursor proteins in differentiated hDPSCs-CM. The

heatmap of these 4 peptides in hDPSCs-CM is shown in

Figure 3D. Combined with a literature review, we found that

CFL1 (cofilin 1, actin filament depolymerising protein 1),14

DNM3 (dynamin 3),15 ANXA2P2 (annexin A2 pseudogene 2),16

and KCNH7 (potassium voltage-gated channel subfamily H

member 7)17 are closely related to cell proliferation and differ-

entiation. Therefore, we selected these 4 peptides to test their

effects on hDPSCs to further investigate the function of the

differentially expressed peptides. The characteristics of these

4 peptides were analysed using ProtParam (https://web.

expasy.org/protp aram/) (Figure 3E).

Since these 4 peptides are all derived from the cell super-

natant, we further added a CPP sequence

(GRKKRRQRRRPPQQ) to the N-terminus of each of these 4

original peptides. Therefore, 8 peptides, including 4 original

peptides and 4 peptides with the CPP sequence, were

selected. These 8 peptides were then chemically synthesised

and added to the culture medium of hDPSCs at different
concentrations of 0, 1, and 10 mM. The CCK-8 results showed

that peptide 1 (Ac-GRKKRRQRRRPPQQASGVAVSDGVIKVF-

NH2), derived from the precursor protein CFL1 and named

P1DC, could significantly increase the proliferation of

hDPSCs. Therefore, we chose P1DC for our preliminary func-

tional study (Figure 4A).

Using UniProt analysis, P1DC was determined to be

located on the actin-binding domain of the precursor protein

CFL1 at 2-15 aa with the aa sequence ASGVAVSDGVIKVF

(Figure 4B). The secondary structure of P1DC was predicted

using UCSF ChimeraX (version: 1.11rc202512130101)

(Figure 4C). The original sequence of P1DC was highly con-

served in humans, mice, Bos taurus, and rabbits (Figure 4D).

P1DC can significantly promote proliferation and migration of
hDPSCs

To further explore the effects of P1DC on the proliferation of

hDPSCs, CCK-8 was used to determine the optimal concentra-

tion of P1DC that promotes the proliferation of hDPSCs. The

results indicated that the optimal concentration of P1DC for

in vitro culture of hDPSCs was 2.5 mM (Figure 5A).

The results of the cell cycle analysis experiment showed

that the proportion of cells in the G0/G1 and G2/M phases in

the P1DC group was higher than in the control and CPP

groups (Figure 5B). In the EdU assay, the nuclei of all cells

were stained blue by Hoechst dye, and the nuclei of cells in

the DNA replication phase could be stained red by EdU. By

calculating the proportion of EdU-positive cells, it was found

that the EdU-positive rate of the P1DC group was higher than

in the control and CPP groups (Figure 5CD). The transwell

assay showed that P1DC can promote cell migration of

hDPSCs (Figure 5E). The above experimental results con-

firmed that the cells in the P1DC group had stronger prolifera-

tion activity than those in the control group; that is, P1DC

promoted the proliferation andmigration of hDPSCs.

P1DC can significantly promote odontogenic differentiation of
hDPSCs

Cells in the P1DC, control, and CPP groups were simulta-

neously subjected to MODM. ALP staining and ALP activity

were performed on day 7. On day 14, the messenger RNA and

protein expression levels of the odontogenic differentiation-

related gene DSPP were detected, and the degree of ARS stain-

ing and quantitative analysis were observed. The results

showed that after the addition of P1DC, the ALP activity and

mineral nodule formation ability of hDPSCs increased

(Figure 6A-C), and the messenger RNA and protein expression

levels of differentiation-related gene DSPP rose (Figure 6D-F).
Discussion

Odontogenic differentiation is of great significance for under-

standing the mechanism of pulp repair. hDPSCs play a key

role in regulating odontogenic differentiation. In 2006, the

International Society for Cell and Gene Therapy established

the minimal criteria for identifying mesenchymal stem

cells16: (1) static adherence, (2) specific surface antigen (Ag)

https://web.expasy.org/protp
https://web.expasy.org/protp


Fig. 3 –Bioinformatic analysis of the precursor proteins of the differentially expressed peptides. A, Gene Ontology enrichment

analysis results. B, Kyoto Encyclopedia of Genes and Genomes pathway enrichment. C, Protein-protein interaction network analy-

sis based on STRING: redmodulemediates stress and DNA damage responses to govern cell fate, blue epigeneticmodulemodu-

lates gene transcription via chromatin remodelling, and green extracellularmatrixmodule orchestrates themicroenvironment to

link intracellular signallingwith tissue homeostasis. D, Heatmap of the 4 selected peptides in undifferentiated and differentiated

human dental pulp stem cells−conditionedmedium. E, The characteristics of 4 selected peptides. *P< .05 and **P< .01.
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Fig. 4 – Identification of the novel functional peptide P1DC. A, CCK-8 assay of human dental pulp stem cells treated with 0, 1,

and 10 mMpeptides 1-8 for 0, 24, and 48 hours. B, The peptide P1DC is located on the actin-binding domain of the precursor

protein CFL1 at 2-15. C, Secondary structure prediction of P1DC. D, Conservation analysis of the original sequence of P1DC. *P

< .05.
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expression, and (3) multipotent differentiation potential.

Mesenchymal stem cells also constitute a heterogeneous

population, and their surface antigen expression is nonspe-

cific18; they may express markers associated with stromal,

epithelial, and other cell types, such as STRO-1, CD44, CD29,

and CD90, but do not express markers of hematopoietic cells

such as CD34 and CD45. STRO-1 is expressed at low levels in

hDPSCs, and Huang et al19 found that STRO-1 can serve as an

early surface marker for hDPSCs, with its expression decreas-

ing as cell passage number increases. Therefore, this study

assessed hDPSCs by examining the expression of CD29, CD44,

CD90, CD45, CD146, and CD34, as well as their multipotent

differentiation potential.

Advances in scientific research have established secreted

peptides as functional biological entities. These peptides are

synthesised within cells and subsequently released into the
extracellular space, where they play pivotal roles in diverse

physiological processes, including intercellular communica-

tion, differentiation regulation, and metabolic homeostasis.

Their release is mediated through various mechanisms,

encompassing classical secretory pathways, exocytosis, and

passive diffusion.20 Consequently, secreted peptides hold sig-

nificant promise for therapeutic and biotechnological

applications. He et al21 also found that bone-derived mesen-

chymal stem cells secreting the antimicrobial peptide PK34

(Plent-PK34-BMSCs) can reduce infiltration and congestion of

inflammatory cells in lung tissue, significantly reduce lung

injury, and preserve lung structure better.

Furthermore, given the limited dynamic range of analyti-

cal techniques, a central challenge in peptidomics is the

effective extraction of the complete peptide repertoire from

complex clinical tissue samples. This process must preserve



Fig. 5 – Promotion of human dental pulp stem cell (hDPSC) proliferation andmigration by the P1DC peptide. A, The optimal

concentration was determined through a CCK-8 assay. B, Flow Cytometric analysis of proliferation. C, EdU staining images of

hDPSCs. D, Quantification of EdU-positive cell ratio. E, Transwell assay of hDPSCs. F, Quantification of Transwell assay. ns: P

> .05, *P < .05, **P < .01 and ***P < .001. CPP, cell-penetrating peptide; P1DC, peptide 1 derived from CFL1 protein; NC, normal

control.
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Fig. 6 –Promotion of human dental pulp stem cell (hDPSC) odontogenic differentiation by the P1DC peptide. A, Alkaline phos-

phatase (ALP) staining. B, Alizarin red S staining. C, Detection of ALP activity. D, Themessenger RNA expression of the DSPP

gene was detected by quantitative polymerase chain reaction. E, Western blot analysis of DSPP protein expression in hDPSCs

at days 0, 3, 7, and 14 following NC or PIDC treatment. GAPDHwas used as the control for normalisation. F, Quantitative anal-

ysis of DSPP protein levels based onWestern blot band intensities. ns: P > .05, *P < .05, **P < .01, and ***P < .001. CPP, cell-pen-

etrating peptide; P1DC, peptide 1 derived from CFL1 protein; NC, normal control.
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their native state, avoid potential confounding factors,

exclude interference from larger proteins, and enable the

subsequent detection of all peptides present. This study used

LC-MS/MS to analyse cell culture supernatants.
Quantification was performed based on peptide peak inten-

sity, peak area, and liquid chromatography retention time

derived from primary mass spectrometry, facilitating the

screening of differentially expressed peptides across
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samples.22 Thus, this approach contributes to a deeper under-

standing of the complex and specialised microenvironment

of hDPSCs and aids in identifying novel biomarkers and ther-

apeutic strategies.

To enhance peptide concentration and purity for LC-MS/

MS analysis while minimising interference from larger pro-

teins, molecular weight cutoff techniques were performed,

which is a physical filtration-based method, offering advan-

tages in specificity, simplicity, and speed.23 Using a 10-kDa

ultrafiltration device, 1349 peptides were identified across 6

samples in this study. Most detected peptides fell within a

molecular weight range of 1500 to 2100 Da, with over 95%

being under 3000 Da (Supplementary Figure 1). This result

indicates efficient filtration by the 10-kDa ultrafiltration unit,

supporting the suitability of the molecular weight cutoff

method for peptide extraction from cell supernatant.

It has been recognised that the biological functions of pepti-

des can be similar to those of their precursor proteins.24 Bioin-

formatics analysis can effectively predict the involved

signalling pathways; specifically, Wang and Gao25 found that

enrichment analysis of miR-641 target genes showed that they

may participate in the mTOR and Ras signalling pathways to

further regulate the progression of peri-implantitis. Our GO

analysis indicates that the biological processes associated

with the precursor proteins of differential peptides are closely

linked to cell proliferation. These findings are consistent with

the most relevant molecular functions and cellular compo-

nents, namely “signal transduction” and the “membrane

region.” This suggests that these peptides, secreted by hDPSCs,

participate in cell proliferation via signal transduction mecha-

nisms. KEGG pathway enrichment analysis revealed that the

precursor proteins of the differential peptides were closely

associated with carbonmetabolism and ECM-receptor interac-

tion. It has been reported that the 1-carbon metabolite S-

adenosylmethionine enhances m6A methylation and acts as a

potential promoter of osteogenesis in bone marrow mesen-

chymal stem cells, significantly promoting osteogenic differ-

entiation.26 Research by Wu et al27 also indicated that KLF6

facilitated glutamine influx into the tricarboxylic acid cycle,

leading to increased citrate deposition in the ECM and thereby

promoting reparative dentin formation. Bioinformatic analy-

ses suggest these differentially expressed polypeptides may

participate in signalling pathways regulating the odontogenic

differentiation of hDPSCs, potentially via methylation or by

modulating ECM formation. Previous studies have identified

peptides secreted by adipose-derived stem cells that are also

associated with cell cadherins and the extracellular matrix.28

Our findings also suggest that the identified peptides primarily

function in relation to the ECM. However, the secreted pepti-

des exhibit considerable variation, likely attributable to differ-

ences between adipocytes and hDPSCs. Notably, the activation

status and causal regulatory roles of these pathways have not

been directly verified in the present study through protein‑le-
vel detection or pathway‑targeted intervention experiments.

Themediating roles of these pathways represent only specula-

tive results based on bioinformatics analysis, and their exact

regulatory functions warrant further in‑depth mechanistic

studies for confirmation.

Peptide stability is a critical determinant of its in vivo half-

life, biological activity retention, and translational potential, as
unstable peptides are prone to rapid degradation by proteases

in the physiological microenvironment, which significantly

shortens their residence time and weakens their functional effi-

cacy.29 For dental tissue regeneration applications, the instabil-

ity of the DNM3-derived peptide may limit its direct clinical

utility, as sustained peptide activity is required to regulate

odontogenic differentiation of hDPSCs and promote dentin

repair.30 To address this limitation, future studies could adopt

structural modification strategies (eg, amino acid substitution,

cyclization, or conjugation with biocompatible carriers) to

enhance peptide stability, prolong its half-life, and improve its

bioavailability—approaches that have been successfully applied

to optimise the translational potential of bioactive peptides in

tissue regeneration.31,32 This modification would not only pre-

serve the biological function of the secreted peptides involved

in this article, including P1DC and DNM3-derived peptide, but

also lay a foundation for its future clinical translation in dentin

regeneration therapies, which is worthy of further research.

Polypeptide drugs have garnered significant research inter-

est in recent years, owing to their low molecular weight, high

specificity, low propensity for inducing drug resistance, and

ease of modification.33 Given the abundance of polypeptides in

the human body, we analysed differentially expressed poly-

peptides during the differentiation of hDPSCs, identifying 66

upregulated and 24 downregulated species. Based on bioinfor-

matics analysis, 4 peptides that were upregulated during dif-

ferentiation and located within functional domains of interest

were selected for synthesis. Since the polypeptides we identi-

fied were derived from the cell culture supernatant, the CPP

sequence was conjugated to each of these 4 parent peptides to

facilitate cellular uptake. We found that 2.5 mM P1DC signifi-

cantly promoted hDPSC proliferation, migration, and differen-

tiation, indicating that the peptide itself is not cytotoxic and

can function effectively at relatively low concentrations. These

results further suggest that bioactive peptides involved in

odontogenic differentiation exist in vivo. Therefore, future

studies should investigate the specific mechanisms by which

P1DC promotes hDPSC odontogenic differentiation, and ani-

mal experiments are required to validate the function of P1DC.

The peptidomic analysis in this study has certain limita-

tions. Some peptides were specifically present or absent in the

conditioned medium of differentiated and undifferentiated

hDPSCs, making it impossible to calculate valid P values for

them. Therefore, multiple testing corrections such as the Ben-

jamini-Hochberg false discovery rate were not performed,

which may increase the risk of false-positive results in large-

scale peptide screening. However, the main purpose of this

study was not to identify biomarkers but to explore the biologi-

cal functions of peptides. Subsequent experiments have con-

firmed that peptide P1DC exhibits clear biological functions.

Our study identified the differentially expressed peptides

secreted by undifferentiated and differentiated hDPSCs-CM

using TMT-based LC-MS/MS technology. In addition, through

bioinformatics analysis, we explored a novel peptide named

P1DC derived from differentiated hDPSCs-CM and demon-

strated that it promoted proliferation, migration, and odonto-

genic differentiation of hDPSCs at a low concentration

(2.5 mM) in vitro. This study expands our knowledge of the

secretory components of hDPSCs and may provide insights

into new treatments for reparative dentin and pulp repair.
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