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action on hypertrophic scar‑derived fibroblasts in co‑culture
by inhibiting the activation of the TGF β1/Smad3 pathway
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Abstract. A hypertrophic scar (HS) is a severe fibrotic skin
disease that causes disfigurement and deformity. It occurs after
deep cutaneous injury and presents a major clinical challenge.
The present study aimed to evaluate the effects of umbilical
cord‑derived mesenchymal stem cells (UCMSCs) on hyper‑
trophic scar fibroblasts (HSFs), one of the main effector cells
for HS formation, in a co‑culture system and to investigate the
potential underlying molecular mechanism. Cultured HSFs were
divided into control and co‑culture groups. The proliferation
ability of HSFs was evaluated using cell counting kit‑8 and the
percentage of Ki67‑positive fibroblasts was assessed by immu‑
nofluorescence. The apoptosis of HSFs was determined using a
TUNEL assay and by assessing the expression of capase‑3 via
western blotting. A scratch wound healing assay was employed
to examine the migration of HSFs. The expression levels of
HS‑associated genes (collagen type Iα 2 chain, collagen type IIIα
1 chain and actin α 2 smooth muscle) and proteins (collagen I,
collagen III and α‑smooth muscle actin) were measured by
reverse transcription‑quantitative PCR (RT‑qPCR) and western
blotting, respectively, to assess the pro‑fibrotic phenotype of
HSFs. The modulation of the transforming growth factor β1
(TGF β1)/Smad3 pathway in HSFs was evaluated by measuring
the protein levels of TGF β1, Smad3 and phosphorylated Smad3
using western blotting, and the mRNA levels of TGFβ1 and
several other target genes (cellular communication network factor
2, metalloproteinase inhibitor 1 and periostin) were measured by
RT‑qPCR. The proliferative and migratory ability of co‑cultured
HSFs was suppressed compared with controls, and no significant
difference in apoptosis was observed between the two groups. The
pro‑fibrotic phenotype of co‑cultured HSFs was inhibited due to a
decline in expression levels of HS‑associated genes and proteins.
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Furthermore, co‑culture with UCMSCs inhibited the activation
of the TGF β1/Smad3 pathway. In conclusion, the present study
indicated that UCMSCs may exert an anti‑fibrotic action on HSFs
in co‑culture through inhibition of the TGF β1/Smad3 pathway,
which suggests a potential use for UCMSCs in HS therapy.
Introduction
A hypertrophic scar (HS) is a severe fibrotic cutaneous
disorder characterized by morphological abnormality and
limited movement (1). It often occurs after deep skin injuries
such as extensive burns. The incidence of HSs during cicatrix
formation after a burn injury is up to 70% (2). This not only
damages the physical and psychological health of patients, but
also places a heavy economic burden on their families and
society. Development of an effective therapy for HSs would be
highly beneficial.
The development of a curative strategy for hypertrophic
scarring relies on investigation into the underlying pathophysi‑
ological mechanism (3). Previous studies of HSs have revealed
that their formation is driven by an abnormal composition
and excessive deposition of extracellular matrix (ECM), and
that overactive hypertrophic scar fibroblasts (HSFs) are one
of the main effector cells responsible for these pathological
changes (4). Furthermore, the transforming growth factor β1
(TGF β1)/Smad3 pathway has been recognized as a principal
cellular signaling pathway in the promotion of fibrosis of
HSFs (5). The phosphorylation of Smad3 is an important step
in this signaling cascade (6,7). Regulation of this pathway in
HSFs may have an essential role in future HS therapies (3).
Application of mesenchymal stem cells (MSCs) in HS
therapy is a possible approach to treatment (8,9). MSCs
derived from different tissues have different biological char‑
acteristics, but research has largely been focused on bone
marrow‑derived MSCs (BM‑MSCs) and adipose‑derived
MSCs (AD‑MSCs) (10‑13). There are few reports focusing
on the therapeutic benefit of umbilical cord‑derived MSCs
(UCMSCs), which possess a high proliferative ability,
weak immunogenicity and a specific anti‑fibrotic paracrine
profile (14‑16). To the best of our knowledge, there has been
limited research into the exact mechanism of administration
of UCMSCs for HS therapy.
In the present study the effect of UCMSCs on the
pro‑fibrotic phenotype of HSFs in a co‑culture system and
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the potential molecular mechanisms underlying this regula‑
tion were investigated. Pro‑fibrotic phenotype was measured
through assessment of fibrosis‑related cellular behaviours,
including cell proliferation, apoptosis, migration and the
expression of HS‑associated genes and proteins.
Materials and methods
Isolation and culture of cells. UCMSCs were kindly provided
by Stem Cell Bank, Chinese Academy of Sciences and were
cultured in DMEM containing 10% fetal bovine serum (FBS)
and antibiotics (penicillin, 100 U/ml; streptomycin, 0.1 mg/ml)
at 37˚C with 5% CO2. These UCMSCs possess the ability to
differentiate into adipose tissue, bone and cartilage and are
CD29, CD44, CD73, CD90, CD105 and CD166 positive, while
CD14, CD31, CD34, and CD45 negative.
Primary HSFs were cultured from the tissues of six
patients (3 male and 3 female; age, 17 months to 27 years)
with HSs who had received a cicatrectomy in the Department
of Burn Surgery of The First Hospital of Jilin University
(Changchun, China) from April 2016 to July 2017. Briefly,
HS tissue mass was washed twice with phosphate‑buffered
saline and cut into ~1‑mm 3 sections under sterile condi‑
tions. Washed sections were placed in a culture plate with
a distance of 1 cm between each other at 37˚C for 30 min,
and then incubated in DMEM containing 10% FBS and
antibiotics (penicillin, 100 U/ml; streptomycin, 0.1 mg/ml)
at 37˚C with 5% CO2. All cell culture reagents were supplied
by Gibco; Thermo Fisher Scientific, Inc. When UCMSCs
and HSFs reached 90% confluence, they were trypsinized
and prepared for subculture. UCMSCs at passages 6‑8 and
HSFs at passages 2‑4 were used in the experiments described
below.
Co‑culture of cells. Transwell culture plates (Millicell®; EMD
Milllipore) were used to develop the co‑culture system [a
96‑well culture plate was used for the Cell Counting Kit‑8
(CCK‑8) assay, and six‑well culture plates were used for the
other experiments in this study]. UCMSCs at passages 6‑8
were harvested and then seeded on the upper chamber of a
transwell culture plate at a density of 1x10 4 cells/cm 2. HSFs
at passages 2‑4 HSFs were harvested and seeded on the
lower chamber at the same density. The co‑culture system
was cultured in DMEM containing 10% FBS and antibiotics
(penicillin, 100 U/ml; streptomycin, 0.1 mg/ml). The cultured
HSFs were divided into co‑culture and control groups based
on the culture conditions. No UCMSCs were included in the
upper chamber of the control group. Cells were co‑cultured for
12‑72 h for proliferation analysis, 48 h for apoptosis analysis,
and for 72 h for migration analysis and detecting gene and
protein expression levels.
CCK‑8 assay. CCK‑8 (Beijing Solarbio Science & Technology
Co., Ltd.) was used to monitor cell proliferation. Briefly, HSFs
were seeded at 5x103 cells per well in a 96‑well culture plate
with three replicates per sample. At 12, 24, 36, 48 and 72 h
after cell attachment, 10 µl of CCK‑8 solution was added
to each well. After incubation for 1 h, the absorbance was
measured at 450 nm using a microplate reader (Thermo Fisher
Scientific, Inc.).

Immunofluorescence. The media of prepared HSFs were
discarded, and pre‑cooled methanol was added to fix the cells
for 30 min at room temperature. Cells were incubated with PBS
containing 0.2% Triton X‑100 for 15 min at room temperature for
permeabilization, and with TBST (0.5% Tween‑20) containing
1% BSA for 30 min at room temperature for blocking. For Ki67
staining, the cells were incubated with a primary anti‑Ki67
antibody (1:100; cat. no. ab197234; Abcam) at 4˚C overnight
followed by incubation with the corresponding CY3‑conjugated
secondary antibody (1:2,000; cat. no. ab6939; Abcam) at 37˚C
for 2 h. For TUNEL staining, the cells were incubated with a
TUNEL reagent (Beyotime Institute of Biotechnology) at 37˚C
for 1 h. Finally, after the nuclei were counterstained with DAPI
(1:1,000; Beyotime Institute of Biotechnology) for 10 min at
room temperature, the slides were mounted with Antifade
Mounting Medium (Beyotime Institute of Biotechnology).
Images of each slide were captured at three random fields of
view using an inverted fluorescence microscope (magnification,
x100; IX73; Olympus Corporation). Total nuclei (blue) and Ki67
or TUNEL‑positive (red) cells were quantified using ImageJ
software (version 1.51w; National Institutes of Health).
Scratch wound closure assay. Cell migration was tested using
a scratch wound closure assay. In brief, HSFs of co‑culture
and control groups were cultured in a six‑well culture plate
at a density of 1x104 cells/cm2 with DMEM containing 10%
FBS until the cell confluence reached 100%. A 1‑ml pipette
tip was used to make a scratch wound in the middle of each
well. After washing three times with PBS, the medium was
changed to serum‑free DMEM for 72 h. Images were acquired
using an inverted microscope (magnification, x40; Olympus
Corporation) after 24, 48 and 72 h. Wound area was measured
using ImageJ software (version 1.51; National Institutes of
Health). Results are shown as the percentage of area closed,
which was calculated through normalizing the wound space
of each time point to that of 0 h. Images of each well were
captured at three random fields of view.
Reverse transcription‑quantitative PCR (RT‑qPCR). Total
RNA was isolated, and RT was performed as previously
described (17). Briefly, total RNA was isolated from HSFs from
the control group and the group co‑cultured with UCMSCs
for 3 days using TRIzol® reagent (Invitrogen; Thermo Fisher
Scientific, Inc.). cDNA was synthesized using the TransScript
All‑in‑One First‑Strand cDNA Synthesis SuperMix (Beijing
Transgen Biotech Co., Ltd.). FastStart Universal SYBR
Green Master (ROX) (Roche Diagnostics GmbH) was used
for qPCR using a Stratagene Mx3005P instrument (Agilent
Technologies, GmbH). The reaction conditions were: Initial
denaturation at 95˚C for 10 min; 40 cycles of denaturation at
95˚C for 30 sec and annealing at 60˚C for 1 min; dissocia‑
tion at 95˚C for 1 min, annealing at 55˚C for 30 sec, and final
extension at 95˚C for 30 sec. The primers used in this study for
gene amplification are listed in Table I. Expression levels of
target genes were normalized to that of GAPDH and the 2‑∆∆Cq
method was used to calculate the relative expression levels of
genes (18). Each sample was run in triplicate wells.
Western blotting. HSFs of co‑culture and control groups were
harvested and washed with PBS. The cells were processed
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Table I. Sequences of primers used for PCR.

Gene

Primer sequence (5'→3')
‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑‑
Forward
Reverse

COL1A2
COL3A1
ACTA2
TGFB1
CTGF
TIMP1
POSTN
GAPDH

GAGGGCAACAGCAGGTTCACTTA
CCACGGAAACACTGGTGGAC
GACAATGGCTCTGGGCTCTGTAA
AACTCCGGTGACATCAAAAGATAA
CTGGAAGGACTCTCCGCTGCGG
ACCCACAGACGGCCTTCTGCAATT
CTCAGAGCAGATGCCAAGCCTAATTG
GCACCGTCAAGCTGAGAAC

TCAGCACCACCGATGTCCA
GCCAGCTGCACATCAAGGAC
TGTGCTTCGTCACCCACGTA
TGCTGAGGCTCAAGTTAAAAGT
GCGACCCGCACAAGGGCCTAT
AACGCTGGTATAAGGTGGTCTGGTT
GTGTGATCCATTTGATTGATCAGGTCCT
TGGTGAAGACGCCAGTGGA

COL1A2, collagen type I α 2 chain; COL3A1, collagen type III α 1 chain; ACTA2, actin α 2 smooth muscle; TGFB1, transforming growth
factor β1; CTGF, cellular communication network factor 2; TIMP1, metalloproteinase inhibitor 1; POSTN, periostin.

with RIPA lysis buffer (CST Biological Reagents Co., Ltd.)
supplemented with phenylmethylsulphonyl fluoride (Thermo
Fisher Scientific, Inc.), protease inhibitor cocktail (TransGen
Biotech Co., Ltd.) and phosphatase inhibitor cocktail
(TransGen Biotech Co., Ltd.). Protein concentration was
determined using a bicinchoninic acid (BCA) protein assay
kit (Beyotime Institute of Biotechnology). Western blotting
was performed as previously described (17). In brief, 30 µg of
protein from each sample was separated in 8% (for collagen I
and III), 10% [for TGF β1, α‑smooth muscle actin (α‑SMA),
Smad3 and phosphorylated (p)‑Smad3] or 12% (for caspase‑3)
SDS‑PAGE gels, and then electro‑transferred to PVDF
membranes (Immobilon‑P, EMD Millpore) for immunoblot‑
ting analysis. After blocking with 5% bovine serum albumin
(Sigma‑Aldrich; Merck KGaA) in TBST (0.5% Tween‑20) for
1 h at room temperature, the primary antibodies anti‑collagen I
(1:1,000; cat. no. 14695‑1‑AP; ProteinTech Group, Inc.),
anti‑collagen III (1:500; cat. no. 22734‑1‑AP; ProteinTech
Group, Inc.), anti‑α‑SMA (1:1,000; cat. no. ab32575; Abcam),
anti‑β‑actin (1:2,000; cat. no. 60008‑1‑Ig; ProteinTech, Group
Inc.), anti‑TGF β1 (1:1,000; cat. no. 21898‑1‑AP; ProteinTech
Group, Inc.), anti‑Smad3 (1:1,000; cat. no. ab40854;
Abcam), anti‑p‑Smad3 (1:500; cat. no. ab52903; Abcam) and
anti‑caspase‑3 (1:500; cat. no. ab13847; Abcam) were incu‑
bated with the PVDF membranes at 4˚C overnight. Following
incubation with the appropriate horseradish peroxidase‑conju‑
gated secondary antibodies (1:5,000; goat anti‑mouse
cat. no. SA00001‑1; goat anti‑rabbit cat. no. SA00001‑2;
ProteinTech Group, Inc.) for 1 h at room temperature, proteins
were detected by chemiluminescence using the EasySee
Western Blot kit (TransGen Biotech Co., Ltd) in a myECL™
imager (Thermo Fisher Scientific, Inc.), and the band intensi‑
ties were quantified using ImageJ software.
Statistical analysis. The quantified data are presented as
the mean ± SD for the CCK‑8 assay, immunofluorescence
(percentage of Ki67‑ or TUNEL‑positive cells), RT‑qPCR
and scratch wound closure assay, and as the mean ± SEM for
western blotting. The differences between the two groups were
analysed by Student's t‑test using GraphPad Prism (version

7.00; Graph Pad Software Inc.) statistical package. A value
of P<0.05 was considered to indicate a statistically significant
difference. All experiments were repeated at least three times.
Results
UCMSCs suppress the proliferation of HSFs in co‑culture.
In order to determine whether UCMSCs affect the prolifera‑
tion of HSFs in a co‑culture system, the cell viability of HSFs
cultured with or without UCMSCs at different time points
was assessed using a CCK‑8 assay and the percentage of
Ki67‑positive fibroblasts determined through immunofluores‑
cence. After co‑culture with UCMSCs for 24, 36, 48, and 72 h,
the cell viability of HSFs was significantly lower compared
with their respective control groups (24 h, P<0.05; 36, 48
and 72 h, P<0.01; Fig. 1A). Additionally, the percentages of
Ki67‑positive fibroblasts in the co‑culture group were signifi‑
cantly lower than that in the control group after culturing for
48 h (P<0.001, Fig. 1B and C). These differences suggested
that UCMSCs could suppress the proliferative ability of HSFs
in co‑culture.
UCMSCs do not influence the apoptosis of HSFs in co‑culture.
The apoptosis of HSFs was measured via a TUNEL assay and
by assessing the expression of caspase‑3, a key apoptosis‑related
protein, through western blotting after 48 h of co‑culture.
As shown in Fig. 2A and B, the TUNEL assay revealed that
there was no significant difference between the percentage of
apoptosis‑positive cells from the two groups. Moreover, the
protein levels of cleaved caspase‑3, which indicated the apop‑
tosis level, revealed that there was no significant difference
between levels in the HSFs of co‑cultured groups compared
with those in the controls (Fig. 2C and D). Taken together, the
results demonstrated that UCMSCs had no influence on the
rate of apoptosis of HSFs in a co‑culture system.
UCMSCs inhibit the migration of co‑cultured HSFs. To study
the effect of UCMSCs on the migration of HSFs in co‑culture,
a scratch wound healing assay was performed. Representative
images of this assay at the time points 24, 48 and 72 h after
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Figure 1. Effect of UCMSCs on the proliferation of HSFs in a co‑culture system. (A) Cell proliferation was measured using a cell counting kit‑8 assay at the
time points 12, 24, 36, 48 and 72 h. *P<0.05 and **P<0.01 vs. the co‑culture group. (B) The percentage of Ki67‑positive HSFs (red) was detected by (C) immu‑
nofluoresence after co‑culture for 48 h. Original magnification, x100. Data are presented as the mean ± SD. ***P<0.001 vs. the control group. HSF, hypertrophic
scar fibroblast; UCMSC, umbilical cord‑derived mesenchymal stem cell.

Figure 2. Effect of UCMSCs on the apoptosis of HSFs in a co‑culture system. (A) Immunofluorescence was used to detect (B) the percentage of TUNEL‑positive
HSFs (red) after co‑culture for 48 h. Original magnification, x100. Data are presented as the mean ± SD. (C) The levels of caspase‑3 and cleaved caspase‑3 were
assessed by western blotting and (D) the levels of cleaved caspase‑3 were quantified. Data are presented as the mean ± SEM. HSF, hypertrophic scar fibroblast;
UCMSC, umbilical cord‑derived mesenchymal stem cell.
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scratching showed that the migration ability of co‑cultured
HSFs into the scratched space was inhibited compared with
that of controls (Fig. 3A). The scratch wound of the controls
cultured without UCMSCs was almost closed after 72 h;
however, the corresponding co‑cultured subset was not. The
percentage of wound closure area at different time points
compared with the 0 h controls was quantified. As shown
in Fig. 3B, after 24, 48 and 72 h of culture, respectively,
40.23±1.73, 70.4±1.8 and 86.52±1.1% of the scratched space
was filled by the migrated HSFs in the control groups; by
contrast, 28.69±1.85, 36.64±0.9 and 47.19±1.36% of space
was filled by the migrated HSFs in the co‑culture groups,
indicating a significant difference between the two groups in
terms of HSF migration (24, 48 and 72 h, P<0.01; Fig. 3B).
These data demonstrated that UCMSCs could significantly
inhibit the migration ability of HSFs in co‑culture.
UCMSCs reduce HS‑associated gene and protein expression
in HSFs in co‑culture. The expression of HS‑associated genes
and proteins was measured to examine the effect of UCMSCs
on the pro‑fibrotic phenotype of HSFs in a co‑culture system.
The mRNA levels of collagen type I α 2 chain (COL1A2),
collagen type III α 1 chain (COL3A1) and actin α 2 smooth
muscle (ACTA2), and the protein levels of collagen I,
collagen III and α‑SMA, which play essential roles in HS
formation, were assessed by RT‑qPCR and western blotting,
respectively (Fig. 4). RT‑qPCR showed that the mRNA levels
of COL1A2, COL3A1 and ACTA2 of HSFs from the co‑culture
groups were significantly lower than those from their respec‑
tive control groups (all, P<0.01; Fig. 4A‑C). Consistent with the
changes in the mRNA levels, the protein levels of collagen I,
collagen III and α‑SMA in the co‑cultured HSFs decreased
compared with the controls, as shown through western blot‑
ting (Fig. 4D) and further quantitative and statistical analysis
(collagen I, P<0.05, Fig. 4E; collagen III and α‑SMA, P<0.01,
Fig. 4F and G). All the above results suggested that UCMSCs
could inhibit the pro‑fibrotic phenotype of HSFs in co‑culture.
TGF β1/Smad3 signaling pathway was inhibited in HSFs
co‑cultured with UCMSCs. To further investigate the potential
mechanism underlying the anti‑fibrotic effect of UCMSCs,
levels of the related key protein molecules of the TGF β1/Smad3
pathway in HSFs were assessed. As shown in Fig. 5A, the levels
of TGF β1 and p‑Smad3 in HSFs co‑cultured with UCMSCs
were significantly reduced (TGF β1, P<0.05, Fig. 5B; p‑Smad3,
P<0.01, Fig. 5D), whereas no significant difference between the
levels of total Smad3 (t‑Smad3) protein was observed (Fig. 5C).
However, the ratio of p‑Smad3 to t‑Smad3 was significantly
decreased in co‑culture group compared with the control (P<0.01,
Fig. 5E). The mRNA levels of TGFB1 and other important genes
targeted by this pathway [cellular communication network factor
2 (CTGF), metalloproteinase inhibitor 1 (TIMP1) and periostin
(POSTN)] were then examined. Statistical analysis indicated that
the transcription of these genes in HSFs from the co‑cultured
group was inhibited compared with the control (TGFB1, P<0.01,
Fig. 5F; CTGF, P<0.01, Fig. 5G; TIMP1, P<0.05, Fig. 5H; POSTN,
P<0.0001, Fig. 5I). This suggested that UCMSCs may inhibit the
fibrosis of HSFs by inhibiting the TGF β1/Smad3 pathway, and
that the reduction of TGF β1 and inhibited phosphorylation of
Smad3 played key roles in this regulation.

Figure 3. Effect of UCMSCs on the migration of HSFs in a co‑culture system.
The scratch wound healing assay was employed to measure the migration of
HSFs in vitro. (A) Cell migration immediately after a scratch and at 24, 48 and
72 h after scratching. Original magnification, x40. (B) Quantitative analysis
of cell migration at 24, 48 and 72 h after scratching. Data are presented as the
mean ± SD. **P<0.01 vs. the control group. HSF, hypertrophic scar fibroblast;
UCMSC, umbilical cord‑derived mesenchymal stem cell.

Discussion
Due to improvements in acute burn care, in recent decades
mortality due to extensive deep burns has significantly
decreased (19). In recent years, HSs, which can cause severe
physical and psychological problems in patients who survive
massive burns, have become the greatest unmet challenge in
burn care (1). In order to address this problem a variety of
treatments has been developed, including surgical approaches,
compressive dressing, laser therapy and local drug injec‑
tion (20). Existing studies and trials have shown that though
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Figure 4. Effect of UCMSCs on HS‑associated gene and protein expression of HSFs in a co‑culture system. The relative mRNA levels of (A) COL1A2,
(B) COL3A1 and (C) ACTA2 were detected by reverse transcription‑quantitative PCR. Data are presented as the mean ± SD. (D) Western blotting was used
to determine the protein levels of (E) collagen I, (F) collagen III and (G) α‑SMA. Data are presented as the mean ± SEM. *P<0.05 and **P<0.01 vs. the control
group. α‑SMA, α‑smooth muscle actin; ACTA2, actin α 2 smooth muscle; COL1A2, collagen type I α 2 chain; COL3A1, collagen type III α 1 chain; HS,
hypertrophic scar; HSF, hypertrophic scar fibroblast; UCMSC, umbilical cord‑derived mesenchymal stem cell.

Figure 5. Effect of UCMSCs on the activation of the TGF β1/Smad3 pathway of HSFs in a co‑culture system. (A) Western blotting was used to determine
the protein levels of (B) TGF β1, (C) t‑Smad3 and (D) p‑Smad3, and (E) the ratio of p‑Smad3 to t‑Smad3. Data are presented as the mean ± SEM. The rela‑
tive mRNA levels of (F) TGFB1, (G) CTGF, (H) TIMP1 and (I) POSTN were detected by reverse transcription‑quantitative PCR. Data are presented as the
mean ± SD. *P<0.05, **P<0.01 and ****P<0.0001 vs. the control group. CTGF, cellular communication network factor 2; HSF, hypertrophic scar fibroblasts; p,
phosphorylated; t, total; TGFB1, transforming growth factor β1; TIMP1, metalloproteinase inhibitor 1; POSTN, periostin; UCMSC, umbilical cord‑derived
mesenchymal stem cells.
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these methods are effective in addressing HSs, they have limi‑
tations and can be accompanied by severe side‑effects (3,20).
The development of a comprehensive treatment for this disease
remains a long and arduous task.
MSC therapy in wound healing has been widely studied (21).
Previous studies have demonstrated that MSCs attenuate
scarring through their involvement in all overlapping scar
formation phases: inflammation, proliferation and remod‑
eling (22). Liu et al (23) reported that BM‑MSCs repressed HS
formation through inflammatory regulation in a rabbit model.
Domergue et al (24) proposed that, in a nude mouse model,
injection of AD‑MSCs produced an anti‑fibrotic effect during
the remodeling phase of HS formation. However, Ding et al (25)
found that the fibrosis of deep dermal fibroblasts was reinforced
by BM‑MSCs in a co‑culture model. These studies illustrate the
regulatory effect of MSCs on scar formation, and indicate that
MSCs could activate normal dermal fibroblasts and inhibit HS
fibroblasts (3). Among the literature on MSCs as a therapy for
HSs, there are few reports focusing on UCMSCs. However, there
is increasing evidence to suggest that UCMSCs may inhibit
fibrosis in other fibrotic diseases (26‑28). UCMSCs are charac‑
terized by their high proliferation rate, weak immunogenicity,
non‑invasive acquisition and special paracrine factors (14‑16).
When compared with other tissue‑sourced MSCs, the paracrine
profile of UCMSCs contains a higher level of hepatocyte growth
factor (HGF) (29), which is defined as an anti‑fibrotic factor, and
lower levels of vascular endothelial growth factor and epidermal
growth factor (16), which have been demonstrated to promote
the progression of fibrosis. These findings support the hypoth‑
esis that UCMSCs are a promising target for treatment against
HS formation. Consistent with this hypothesis, the present study
demonstrated that UCMSCs could inhibit proliferation and
migration, as well as the expression of HS‑related genes in HSFs
in a co‑culture system. UCMSCs had no effect on the apoptosis
of HSFs. These results suggest that UCMSCs may be beneficial
as a clinical treatment against HS formation. Further research
is required to confirm this and will be focused on the in vivo
experiments and the clinical application of UCMSCs.
Investigation into the mechanism underlying the anti‑fibrotic
function of UCMSCs suggested that UCMSCs could regulate
the TGF β1/Smad3 pathway of HSFs in vitro, through inhibition
of TGF β1 expression and the phosphorylation of Smad3. TGF
β1 plays a fundamental role in HS formation, and Smad3 acts
as a convergent node in the pathway downstream of TGF β1
receptors. Smad3 forms a complex with Smad2 and Smad4 and
functions as a transcription factor that induces aberrant ECM
deposition and hyperactivity of fibroblasts (5‑7). Additionally,
Smad2 has been reported to be involved in the regulation of the
differentiation of myofibroblasts mediated by UCMSC‑derived
exosomal microRNAs (30). The mechanisms underlying the
anti‑fibrotic effect of UCMSCs on HSFs must be further eluci‑
dated in order to develop treatment against HSs.
In previous studies, MSC conditioned medium and the
isolated exosomes of MSCs have been used to stimulate target
cells in order to test the effects of MSCs in vitro (31,32).
The present study adopted a transwell co‑culture system
to investigate the interaction between UCMSCs and HSFs.
In vivo, target cells are not only unilaterally subject to the
effect of MSCs, but they can also simultaneously influence
the paracrine release of MSCs via interaction in the unique
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microenvironment (33). A co‑culture system provided a
better in vitro simulation for cell‑cell interaction compared
with the administration of conditioned medium or isolated
exomes (34,35). However, there are still numerous problems
worth studying to explore this complex interaction, such as the
mechanism of direct cell‑cell interaction and interaction in a
3D co‑culture system (36).
In conclusion, the present study indicates that UCMSCs may
play a valuable role in HS therapy by exerting an anti‑fibrotic
action on HSFs, inhibiting their proliferation and migration, and
reducing the expression of HS‑associated genes and proteins.
Suppression of the TGF β1/Smad3 pathway appears to be a part
of the molecular mechanism underlying this regulation.
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