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Background: Human dermal fibroblasts secrete numerous growth factors and proteins that have been suggested to promote wound 
repair and hair regeneration.
Methods: Human dermal fibroblast-conditioned medium (DFCM) was prepared, and proteomic analysis was performed. Secretory 
proteins in DFCM were identified using 1-dimensional sodium dodecyl sulphate-polyacrylamide gel electrophoresis, in-gel trypsin 
protein digestion, and quantitative liquid chromatography tandem mass spectrometry (LC-MS/MS). Identified proteins were analyzed 
using bioinformatic methods for the classification and evaluation of protein–protein interactions.
Results: Using LC-MS/MS, 337 proteins were identified in DFCM. Among them, 160 proteins were associated with wound repair, 
and 57 proteins were associated with hair regeneration. Protein–protein interaction network analysis of 160 DFCM proteins for wound 
repair at the highest confidence score (0.9) revealed that 110 proteins were grouped into seven distinctive interaction networks. 
Additionally, protein–protein interaction network analysis of 57 proteins for hair regeneration at the highest confidence score revealed 
that 29 proteins were grouped into five distinctive interaction networks. The identified DFCM proteins were associated with several 
pathways for wound repair and hair regeneration, including epidermal growth factor receptor, fibroblast growth factor, integrin, Wnt, 
cadherin, and transforming growth factor-β signaling pathways.
Conclusion: DFCM contains numerous secretory proteins that comprise groups of protein–protein interaction networks that regulate 
wound repair and hair regeneration.
Keywords: human dermal fibroblast, dermal fibroblast-conditioned media, proteomic analysis, secretory protein, wound repair, hair 
regeneration

Introduction
Fibroblasts secrete various growth factors, cytokines, chemokines, and other peptide or protein factors that play essential 
roles in regulating wound repair.1–5 Secretomes from fibroblasts include vascular endothelial growth factor (VEGF), 
fibroblast growth factor (FGF), hepatocyte growth factor (HGF), platelet-derived growth factor (PDGF), transforming 
growth factor (TGF)-β1, keratinocyte growth factor (KGF), interleukin (IL)-6, and IL-8.1–5 The secretion patterns of 
fibroblast-derived factors significantly varies among species, anatomic sites, sub-types of fibroblast, and experimental 
culture conditions for obtaining secretomes.4–7

Researchers have discovered that dermal fibroblast-conditioned medium (DFCM) contains numerous protein factors 
that reportedly promote wound repair.5–7 A previous proteomic study demonstrated that DFCM contains various 
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secretory factors including fibronectin, fibulin-1, collagen type I α-1 chain (COL1A1), COL4A1, COL12A1, serum 
albumin, α-fetoprotein, pigment epithelium-derived factor, decorin, lactotransferrin, nucleobindin-1, inter-α-trypsin 
inhibitor heavy chain H2, pentraxin 3, α-2-HS-glycoprotein, α-2-macroglobin, TGF-β-induced protein ig-h3, pregnancy 
zone protein, and thrombospondin-1.5 Another growth factor G1 array study also revealed that DFCM contains numerous 
growth factors, which are quantitatively increased by 20% compared with control medium and include epidermal growth 
factor (EGF), basic FGF, FGF-7, insulin-like growth factor binding protein (IGFBP)-4, and IGFBP-6.8 Moreover, the 
outer root sheath (ORS) cells of hair follicles that were cultured with DFCM-supplemented cultured medium secreted 
notably higher amounts of growth factors compared with control ORS cells.8

In this study, we aimed to identify secretory proteins from human dermal fibroblasts, which have crucial roles in 
wound repair and hair regeneration, using proteomic analysis. To do so, DFCM was prepared to obtain fibroblast-derived 
secretory proteins under the culture conditions of low serum and high hypoxanthine and thymidine, as described in 
a previous study.8 Then, proteomic analysis was performed using 1-dimensional sodium dodecyl sulphate- 
polyacrylamide gel electrophoresis (SDS-PAGE), in-gel trypsin protein digestion, and quantitative liquid chromatogra-
phy tandem mass spectrometry (LC-MS/MS). Proteins identified in DFCM were further analyzed using bioinformatic 
methods for the classification and evaluation of theoretical protein–protein interactions.

Materials and Methods
Culture of Human Dermal Fibroblasts
Neonatal human dermal fibroblasts (NHDF-Neo; Lonza, Walkersville, MD, USA) were mixed with 40-mL fibroblast 
growth medium (FGMTM; Lonza) at a 1:1 ratio. Cells (4 × 105 cells) were seeded into a 75-cm2-T-flask and incubated 
overnight at 37°C under 5% CO2. The medium was replaced with Opti-modified Eagle’s medium (Opti-MEM; Gibco 
BRL, Rockville, MD, USA) to create low-serum culture conditions and the cells were cultured for another 24 h to reach 
approximately 90% confluence. Cells were then washed with Dulbecco’s phosphate buffered saline (PBS; Santa Cruz 
Biotechnology, Santa Cruz, CA, USA) and treated with 0.15% trypsin (Gibco BRL) for 5 min at 37°C to detach cells 
from the surface of the culture flask. Medium was added to arrest trypsinization, and the cells were centrifuged for 5 min. 
The collected cells were resuspended in Opti-MEM and split into 75-cm2-T flasks. Cells were expanded until enough 
cells were prepared for experiments. To prepare DFCM, human dermal fibroblasts (passage 5) were cultured in 175-cm2 

-T flasks with Opti-MEM supplemented with 2-mM GlutaMAX, 2-ng/mL recombinant human EGF, and 2-ng/mL 
recombinant human FGF (all purchased from Lonza) without the addition of fetal bovine serum. The cells were incubated 
at 37°C in a 5% CO2 incubator for 24 h, and the medium was collected as DFCM.

Protein Filtration and Concentration for Proteomic Analysis
The prepared DFCM was filtered through a 3-kDa Amicon Ultra-15 centrifugal filter (Merck Millipore, Burlington, MA, 
USA) to concentrate the proteins. DFCM-containing tubes were centrifuged at 4000 × g for 40 min at 25°C. Proteins with 
molecular weights > 3 kDa retained on the membrane surface were collected for dialysis. A PlusOne Mini Dialysis Kit 
(GE Healthcare, Buckinghamshire, UK) with a 1-kDa cut-off was used to dialyze the DFCM, which allowed for the 
desalting and removal of small molecules. The dialyzed samples were stored at −80°C for proteomic analysis.

One-Dimensional Gel Electrophoresis and in-Gel Digestion
The protein components of DFCM (30 x concentrate), Opti-MEM, Opti-MEM supplemented with GlutaMAX, recombi-
nant human EGF (2 ng/mL) and FGF (2 ng/mL) (30 x concentrate), EGF (0.1 mg/mL), FGF (0.1 mg/mL), and 
GlutaMAX were separated using 2% SDS-PAGE (Figure 1A). Then, the protein components (10 μg) of DFCM were 
additionally separated using 10% SDS-PAGE for in-gel digestion using a previously described method.9 Briefly, the gels 
were divided into four fractions according to molecular size after Coomassie blue staining (Figure 1B). Sliced gels were 
destained in a solution of 50% acetonitrile and 10 mM ammonium bicarbonate. The gels were then rinsed with distilled 
water, followed by 100% acetonitrile, to remove the destaining solution. Protein samples were sequentially treated with 
a reducing solution (10 mM dithiothreitol and 100 mM ammonium bicarbonate) and an alkylation solution (55 mM 
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iodoacetamide). After the gels were washed with distilled water, tryptic digestion at a final concentration of 10 ng/mL 
was performed in 50 mM ammonium bicarbonate at 37°C for 12−16 h. Extraction of the tryptic peptides was performed 
in an extraction solution (50 mM ammonium bicarbonate and 50% acetonitrile containing 5% trifluoroacetyl (TFA)). The 
resulting peptide extracts were pooled and lyophilized. Tryptic peptides were dissolved in 0.5% TFA prior to further 
fractionation using LC-MS/MS.

LC−MS/MS Analysis and Bioinformatic Analysis
Quantitative liquid chromatography tandem mass spectrometry analysis was performed according to a modified version 
of a previously published method.10 Tryptic peptide samples were loaded onto a trap column (Thermo Fisher Scientific, 
Bremen, Germany) for the enrichment of peptides and removal of chemical contaminants. Concentrated tryptic peptides 
were eluted from the column and directed onto a 150 mm × 75 µm i.d. C18 reverse phase column (Thermo Fisher 
Scientific) at a flow rate of 0.3 µL/min. Peptides were eluted using a gradient of 0–65% acetonitrile for 80 min. All MS 
and MS/MS spectra were acquired in data-dependent mode using a Q Exactive plus ESI Ion Trap mass spectrometer 
(Thermo Fisher Scientific). Each full MS scan (m/z range 150–2000) scan was followed by three MS/MS scans of the 
most abundant precursor ions in the MS spectra. The data from LC−MS/MS were searched using the Mascot database 
(http://www.matrixscience.com/) against the SwissProt Human Database. We estimated the false discovery rate of 
peptide spectrum matches using decoy databases. Proteins that were identified via LC−MS/MS were analyzed and 
classified using the Protein Analysis Through Evolutionary Relationships (PANTHER™) Classification System v.17.0 
(http://pantherdb.org/) and Search Tool for Retrieval of Interacting Genes/Proteins (STRING®) v.11.5 protein interaction 
network (http://www.string-db.org/) to classify and predict protein–protein interactions.11,12

Results
LC-MS/MS Identification of Human Fibroblast-Derived Secretory Proteins in DFCM
Quantitative liquid chromatography tandem mass spectrometry using matrix-assisted laser desorption/ionization tandem 
time-of-flight (MALDI-TOF/TOF) was performed to identify the overall proteins in DFCM that contained human 
fibroblast-derived secretory proteins. To separate the protein mixtures, 1-dimensional SDS-PAGE was performed using 
the DFCM preparation. Protein bands were then categorized into four groups according to their molecular weights. Each 
group of bands was subjected to LC-MS/MS using MALDI-TOF/TOF, followed by SwissProt database searches. First, 
we identified 337 proteins, the known functions of which were reviewed from the UniProt Database to identify proteins 

Figure 1 One-dimensional gel electrophoresis using human dermal fibroblast-conditioned medium (DFCM) preparation. (A) The protein components of (1) DFCM, (2) 
Opti-MEM, (3) Opti-MEM supplemented with GlutaMAX, recombinant human epidermal growth factor (EGF) and fibroblast growth factor (FGF), (4) EGF, (5) FGF, and (6) 
GlutaMAX were separated using 2% sodium dodecyl sulphate (SDS)-polyacrylamide gel electrophoresis (PAGE). (B) The protein components of DFCM were separated 
using 10% SDS-PAGE. Protein bands of DFCM were categorized into four groups according to the ranges of molecular weights.
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potentially involved in wound repair and hair regeneration. A total of 160 unique proteins that were proposed to be 
involved in wound repair and 57 unique proteins that were deemed to be associated with hair regeneration were selected.

Protein–Protein Interaction Network Analysis of DFCM Proteins for Wound Repair
The 160 proteins of the wound repair group were further evaluated according to the results of protein–protein interaction 
analysis using the protein interaction network. At a medium confidence level (0.4) of interaction scores, a single protein– 
protein interaction network, which consisted of 110 proteins with notable connections among proteins, was identified, 
and the remaining 50 proteins without significant interactions were excluded (Figure 2A). With a high confidence score 
(0.7), 110 proteins were categorized into two distinct interaction networks without any disconnected proteins (Figure 2B). 
At the highest confidence score (0.9), 110 proteins were grouped into seven interaction networks (Figure 2C), and a list 
of proteins in each group is summarized in Table 1 and Table 2.

Gene Ontology (GO) Protein Classification of DFCM Proteins for Wound Repair
Using the protein classification database, GO classified the identified proteins and classified 110 proteins in the DFCM into three 
categories: molecular function, cellular component, and biological process. The major molecular functions of these proteins 
included binding, catalytic activity, molecular function regulation, and molecular transducer activity (Figure 3A). The identified 
cellular components of these proteins included cellular anatomical entities and protein-containing complexes (Figure 3B). The 
major biological processes included cellular processes, biological regulation, responses to stimuli, and metabolic processes 
(Figure 3C). The protein classes identified in DFCMs that are important for wound healing were cytoskeletal proteins, 
extracellular matrix proteins, protein-modifying enzymes, and protein-binding activity modulators (Figure 4A). Interestingly, 
DFCM proteins were associated with several remarkable pathways during wound repair, which included EGF receptor signaling, 
FGF signaling, Wnt signaling, apoptosis signaling, and TGF-β signaling pathways (Figure 4B).

Protein–Protein Interaction Network Analysis of DFCM Proteins for Hair 
Regeneration
The 57 proteins of hair regeneration group were further evaluated according to the results of protein–protein interactions 
using the protein interaction network. At the medium confidence level of the interaction score, a single protein–protein 
interaction network, which consisted of 54 proteins with notable connections among proteins, was observed, and the 
other three proteins without significant interactions were excluded (Figure 5A). At a high confidence score, 40 of the 54 
proteins were categorized into four distinctive interaction networks, and 14 proteins without notable interactions were 
excluded (Figure 5B). At the highest confidence score, 29 of the 40 proteins were grouped into five interaction networks 
(Figure 5C and Table 3), and the other 11 proteins without notable interactions were excluded.

Figure 2 Protein–protein interaction network analysis of DFCM proteins for wound repair. (A) At a medium confidence level (0.4) of interaction scores, a single protein– 
protein interaction network, which consisted of 110 proteins with notable connections among them, was observed. (B) At a high confidence score (0.7), 110 proteins were 
categorized into two distinct interaction networks without any disconnected protein members. (C) At the highest confidence score (0.9), 110 proteins were grouped into 
seven interaction networks.
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Table 1 The Major Distinctive Protein-Protein Interaction Network Group of 89 Human 
Dermal Fibroblast-Conditioned Medium (DFCM) Proteins for Wound Repair at 
a Confidence Score of 0.9

Accession Description Score Coverage (%)

P12109 Collagen alpha-1(VI) chain 389.23 46

P05121 Plasminogen activator inhibitor 1 313.51 67
P08123 Collagen alpha-2(I) chain 236.23 50

P60709 Actin, cytoplasmic 1 224.38 67

P02751 Fibronectin 203.32 29
P02452 Collagen alpha-1(I) chain 177.84 42

P08670 Vimentin 170.87 52
P01033 Metalloproteinase inhibitor 1 160.09 57

P12111 Collagen alpha-3(VI) chain 148.48 22

P09486 SPARC 114.85 56
O43707 Alpha-actinin-4 104.60 37

P12110 Collagen alpha-2(VI) chain 102.50 28

P68133 Actin, alpha skeletal muscle 80.03 41
P11047 Laminin subunit gamma-1 72.12 16

P51884 Lumican 71.17 38

P63104 14-3-3 protein zeta/delta 68.13 53
P12814 Alpha-actinin-1 67.75 33

P07942 Laminin subunit beta-1 63.77 18

P07996 Thrombospondin-1 56.07 12
P08253 72 kDa type IV collagenase 53.62 31

P62258 14-3-3 protein epsilon 53.03 45

P31946 14-3-3 protein beta/alpha 50.39 47
P06396 Gelsolin 50.19 33

Q14624 Inter-alpha-trypsin inhibitor heavy chain H4 46.85 12

P07858 Cathepsin B 46.39 46
P07900 Heat shock protein HSP 90-alpha 45.49 23

P02461 Collagen alpha-1(III) chain 39.94 19

P07355 Annexin A2 39.81 45
P50454 Serpin H1 39.08 35

P07585 Decorin 38.04 19

Q16363 Laminin subunit alpha-4 37.29 18
P08238 Heat shock protein HSP 90-beta 36.53 19

P18206 Vinculin 36.00 21

P03956 Interstitial collagenase 35.95 31
P21333 Filamin-A 33.64 15

Q71U36 Tubulin alpha-1A chain 33.20 26

P02774 Vitamin D-binding protein 32.76 12
P07339 Cathepsin D 31.93 43

P01023 Alpha-2-macroglobulin 29.08 6

P07437 Tubulin beta chain 28.47 25
P20908 Collagen alpha-1(V) chain 26.15 6

P07737 Profilin-1 24.97 63

P02647 Apolipoprotein A-I 22.41 10
P62805 Histone H4 18.76 29

Q15113 Procollagen C-endopeptidase enhancer 1 15.91 24

O43852 Calumenin 15.42 25
P05997 Collagen alpha-2(V) chain 14.75 14

P00734 Prothrombin 14.75 5

P11021 Endoplasmic reticulum chaperone BiP 14.27 15

(Continued)
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GO Protein Classification of DFCM Proteins for Hair Regeneration
Using the protein classification database, GO classified the identified and selected 29 proteins for hair regeneration in the 
DFCM on three categories: molecular function, cellular component, and biological process. The major molecular 
functions of these proteins included binding, catalytic activity, molecular function regulation, and structural molecule 
activity (Figure 6A). The identified cellular components of these proteins included cellular anatomical entities and 

Table 1 (Continued). 

Accession Description Score Coverage (%)

P04083 Annexin A1 14.03 25

P26038 Moesin 13.74 16
Q16778 Histone H2B type 2-E 13.46 19

P59998 Actin-related protein 2/3 complex subunit 4 13.20 30

P15144 Aminopeptidase N 12.27 12
P52565 Rho GDP-dissociation inhibitor 1 10.65 31

P01008 Antithrombin-III 9.23 13

Q15582 Transforming growth factor-beta-induced 
protein ig-h3

8.86 6

P27797 Calreticulin 8.65 15

P06703 Protein S100-A6 8.57 48
P10321 HLA class I histocompatibility antigen, C alpha 

chain

8.34 21

P02649 Apolipoprotein E 7.67 20
P00738 Haptoglobin 6.33 10

P00742 Coagulation factor X 6.22 4

P35579 Myosin-9 5.54 4
P17936 Insulin-like growth factor-binding protein 3 5.21 14

Q07954 Prolow-density lipoprotein receptor-related 

protein 1

4.66 2

Q14766 Latent-transforming growth factor beta-binding 

protein 1

4.45 7

P17931 Galectin-3 4.33 18

Q15063 Periostin 4.23 6

Q13813 Spectrin alpha chain, non-erythrocytic 1 4.15 3
P12107 Collagen alpha-1(XI) chain 3.77 2

Q13591 Semaphorin-5A 3.51 2

P13497 Bone morphogenetic protein 1 2.48 3
P37802 Transgelin-2 2.45 13

P61158 Actin-related protein 3 2.45 10

P08572 Collagen alpha-2(IV) chain 2.35 2
P19338 Nucleolin 2.25 6

P55268 Laminin subunit beta-2 2.19 3

O15144 Actin-related protein 2/3 complex subunit 2 2.14 16
P47755 F-actin-capping protein subunit alpha-2 2.11 13

P52907 F-actin-capping protein subunit alpha-1 2.11 10

P60660 Myosin light polypeptide 6 1.97 15
P15311 Ezrin 1.84 6

P62826 GTP-binding nuclear protein Ran 1.78 10

O75326 Semaphorin-7A 1.72 5
P61769 Beta-2-microglobulin 0.00 17

P60903 Protein S100-A10 0.00 18

P05556 Integrin beta-1 0.00 6
P24844 Myosin regulatory light polypeptide 9 0.00 16
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protein-containing complexes (Figure 6B), whereas the major biological processes included cellular, biological regula-
tion, developmental, and metabolic processes (Figure 6C). The protein classes identified in DFCMs that were important 
for hair regeneration were extracellular matrix proteins, metabolite interconversion enzymes, cell adhesion molecules, 
and protein-binding activity modulators (Figure 7A). Additionally, DFCM proteins were associated with several path-
ways during hair regeneration, which included the integrin signaling pathway, p53 pathway, fructose galactose metabo-
lism, and TGF-β signaling pathways (Figure 7B).

Discussion
The DFCM preparation in our study was obtained under culture conditions using Opti-MEM without the addition of fetal 
bovine serum to obtain fibroblast-secreted proteins containing no or minimal serum proteins.8,13 Although the culture 
medium was supplemented with recombinant human EGF and FGF, we believe that majority of the supplementary 
growth factors were used to induce protein secretion from fibroblasts. A previous study demonstrated that wound healing 
properties are improved in low- and high-energy nitrogen plasma-treated human dermal fibroblasts by culturing with the 
DFCM preparation.13 In our cell viability study and wound healing assays, the DFCM culture media was similarly 
effective compared with that of Opti-MEM, which was supplemented with synthetic growth factors.13 Moreover, the 
migration rates were higher in plasma-treated human dermal fibroblasts, which were further cultured with DFCM, 
compared with other culture conditions.13 Another study revealed that DFCM contains quantitatively elevated levels of 
growth factors, and DFCM remarkably induces growth factor secretion by the cells, which were cultured with DFCM.8 

However, whether multiple factors in DFCM protect high-energy plasma-treated fibroblasts from apoptosis or stimulate 
cell proliferation remains to be elucidated. Furthermore, the mechanisms of action of factors other than growth factors in 
wound repair remain unclear.

Table 2 The Other 6 Distinctive Protein-Protein Interaction Network Groups of 21 DFCM Proteins for Wound Repair at 
a Confidence Score of 0.9

Group Accession Description Score Coverage (%)

2 P04264 Keratin, type II cytoskeletal 1 203.46 57

P13645 Keratin, type I cytoskeletal 10 199.79 49

P35908 Keratin, type II cytoskeletal 2 epidermal 65.39 47

3 P00558 Phosphoglycerate kinase 1 51.02 40

P04075 Fructose-bisphosphate aldolase A 41.43 45
P29401 Transketolase 28.68 18

P14618 Pyruvate kinase PKM 21.57 24
P37837 Transaldolase 7.41 7

4 P01024 Complement C3 64.11 9
P05156 Complement factor I 19.84 15

P09871 Complement C1s subcomponent 17.05 13

P0C0L4 Complement C4-A 8.51 4
P00736 Complement C1r subcomponent 4.65 12

5 Q06830 Peroxiredoxin-1 27.63 37
P32119 Peroxiredoxin-2 18.43 19

P30044 Peroxiredoxin-5, mitochondrial 3.49 19

6 P14923 Junction plakoglobin 28.11 11

P15924 Desmoplakin 8.96 3

Q02413 Desmoglein-1 4.19 3

7 P25789 Proteasome subunit alpha type-4 4.44 16

P25786 Proteasome subunit alpha type-1 0.00 10
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Figure 3 Gene Ontology (GO) protein classification of DFCM proteins for wound repair. GO classified the identified and selected 110 DFCM proteins in three categories: 
(A) molecular function, (B) cellular component, and (C) biological process.

Figure 4 GO protein classification of DFCM proteins for wound repair. (A) The identified protein classes in the DFCM that are important for wound healing were 
cytoskeletal protein, extracellular matrix protein, protein modifying enzyme, and protein-binding activity modulator. (B) DFCM proteins were associated with several 
pathways during wound repair.

https://doi.org/10.2147/CCID.S407078                                                                                                                                                                                                                                 

DovePress                                                                                                                    

Clinical, Cosmetic and Investigational Dermatology 2023:16 1152

Suh et al                                                                                                                                                               Dovepress

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


In this study, we identified 337 secretory proteins from human dermal fibroblasts via proteomic analysis using DFCM 
preparations. Those proteins were further grouped according to the results of protein–protein interaction network analysis 
at the highest confidence score using the bioinformatic method. Then, 110 and 29 proteins that were associated with 

Figure 5 Protein–protein interaction network analysis of DFCM proteins for hair regeneration. (A) At a medium confidence of interaction score, a single protein–protein 
interaction network which consisted of 54 proteins with notable connections among proteins was observed. (B) At a high confidence score, 40 of 54 proteins were 
categorized into four distinct interaction networks. (C) At the highest confidence score, 29 of 40 proteins were grouped into five interaction networks.

Table 3 The 5 Distinctive Protein-Protein Interaction Network Groups of 29 DFCM Proteins for Hair Regeneration at a Confidence 
Score of 0.9

Group Accession Description Score Coverage (%)

1 P12109 Collagen alpha-1(VI) chain 389.23 46

P12111 Collagen alpha-3(VI) chain 148.48 22
P12110 Collagen alpha-2(VI) chain 102.50 28

P07942 Laminin subunit beta-1 63.77 18

P07585 Decorin 38.04 19
P18206 Vinculin 36.00 21

P02751 Fibronectin 17.94 8

P07355 Annexin A2 17.25 22
P07996 Thrombospondin-1 10.70 4

P27797 Calreticulin 8.65 15

P17936 Insulin-like growth factor-binding protein 3 5.21 14
Q14766 Latent-transforming growth factor beta-binding protein 1 4.45 7

Q15063 Periostin 4.23 6
P12107 Collagen alpha-1(XI) chain 3.77 2

P13497 Bone morphogenetic protein 1 2.48 3

P15311 Ezrin 1.84 6
P04083 Annexin A1 0.00 11

P05556 Integrin beta-1 0.00 6

2 P05121 Plasminogen activator inhibitor 1 313.51 67

P07093 Glia-derived nexin 153.28 57

3 P04264 Keratin, type II cytoskeletal 1 203.46 57

P13645 Keratin, type I cytoskeletal 10 199.79 49

P35908 Keratin, type II cytoskeletal 2 epidermal 65.39 47

4 P10909 Clusterin 52.26 29

P02788 Lactotransferrin 37.71 3

(Continued)
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wound repair and hair regeneration, respectively, were selected for bioinformatic classification. Our study revealed that 
DFCM proteins were associated with various pathways, including EGF receptor, FGF, Wnt, apoptosis, and TGF-β 
signaling pathways, for promoting wound repair. Additionally, DFCM proteins are associated with the integrin signaling 
pathway, which activate signal transduction mediators to enhance wound closure.14,15 Moreover, the DFCM proteins in 
this study regulated cytoskeletal responses via Rho guanosine triphosphatases (GTPases). The Rho family of GTPases is 
necessary for the regulation of actin and myosin cytoskeletal dynamics during wound healing.16,17

In our bioinformatics study, DFCM proteins were also associated with the Wnt and cadherin signaling pathways. The 
stimulation of human dermal fibroblasts enhances migration, proliferation, and collagen synthesis by the cells, and gene 
expression of collagen I, III, cyclin-1, PCNA, and N-cadherin is also increased.18 Wnts are key regulators of cell 
proliferation and differentiation.19 Hence, the activation of the Wnt signaling pathway plays an essential role during the 
proliferative phase of wound repair.20 Wnt signaling and cadherin-mediated cell adhesion are significantly involved in the 

Figure 6 GO protein classification of DFCM proteins for hair regeneration. GO classified the 29 identified and selected proteins present in DFCM into three categories: 
(A) molecular function, (B) cellular component, and (C) biological process.

Table 3 (Continued). 

Group Accession Description Score Coverage (%)

5 P00558 Phosphoglycerate kinase 1 51.02 40

P04075 Fructose-bisphosphate aldolase A 41.43 45
P00338 L-lactate dehydrogenase A chain 34.82 41

P09972 Fructose-bisphosphate aldolase C 8.56 8
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organization and maintenance of hematopoietic and germline stem cells.19 Moreover, dysregulation of Wnt signaling is 
associated with cancer induction and tumor progression. Additionally, the downregulation of cadherin expression can 
promote tumorigenesis.19 Therefore, we suggest that DFCM proteins can not only promote tissue regeneration during the 
wound healing process but can also inhibit the progression and migration of dysregulated cells.

Laser-assisted, power-, and energy-regulated wounding in the epidermis effectively induces Wnt-dependent hair 
follicle neogenesis.21,22 Additionally, the dermis harbors a CD49fhigh cell population, which bears an epidermal stem cell 
marker of mesenchymal stem cells.23 CD49fhigh cells act on the formation of hair follicle-like budding along with hair 
follicular epithelial cells.23 However, CD49fhigh cell-associated follicular neogenesis requires the activation of signaling 
pathways for regulating hair follicle development.23 Our previous study demonstrated that DFCM increases mRNA 
expression of KGF, EGF, and VEGF in ORS cells and KGF in dermal papilla cells.8 Moreover, DFCM activates β- 
catenin expression and inhibits Dickkopf-related protein 1 expression in dermal papilla cells.8 As the activation of Wnt/β- 
catenin signaling is important in wound repair, hair growth, and hair follicle morphogenesis, DFCM induces hair 
regeneration by upregulating growth factor expression and activating signaling pathways.8,24

The identified proteins in our study were functionally categorized into wound repair and hair regeneration groups by 
bioinformatically reviewing the UniProt Database. Our data demonstrated that several peptide factors and signaling pathways 
are associated with hair regeneration. However, identified proteins in this study, which were proposed to be involved in 
wound repair, can also induce hair regeneration by accelerating mesenchymal cell proliferation and neovascularization.25–27 

Therefore, although bioinformatical analyses could categorize DFCM proteins into different groups, we suggested that the 
roles of those proteins could overlap or interact between wound repair and hair regeneration.

Conclusion
In this study, we identified secretory proteins from human dermal fibroblasts by analyzing DFCM preparations using 
proteomic analysis. Our study revealed that hundreds of proteins were secreted by human dermal fibroblasts and these 
proteins presented significant protein–protein interaction networks. The identified proteins were further categorized into 
distinct groups based on their molecular functions, biological processes, cellular components, and protein classes. 
Bioinformatic analyses revealed that DFCM proteins represent components of various signaling pathways involved in 
wound repair and hair regeneration. However, further studies are required to investigate the precise role of each DFCM 
protein in wound repair and hair regeneration.

Figure 7 GO protein classification of DFCM proteins for hair regeneration. (A) The identified protein classes in the DFCM that are important for hair regeneration 
included extracellular matrix protein, metabolite interconversion enzyme, cell adhesion molecule, and protein-binding activity modulator. (B) DFCM proteins were 
associated with several pathways during hair regeneration.
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