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Abstract. Pathological scars occur during skin wound 
healing, and the use of adipose‑derived stem cells (ADSCs) 
is one of the various treatments. The present study aimed to 
investigate the in vitro effects of ADSCs on the biological 
properties of hypertrophic scar fibroblasts (HSFs) and keloid 
fibroblasts  (KFs), such as proliferation, migration, and the 
synthesis of extracellular matrix proteins. Transwell cham‑
bers were used to establish a co‑culture system of ADSCs 
with normal skin fibroblasts (NFs), HSFs or KFs. The effect 
of ADSCs on the proliferation of fibroblasts was evaluated 
by CCK8 measurement, while the migration ability of fibro‑
blasts was assessed using cell scratch assay. The expression 
of extracellular matrix proteins was measured by immunob‑
lotting. Co‑culture of NFs with ADSCs did not affect cell 
proliferation and migration, nor the expression of extracellular 
matrix proteins [collagen‑I, collagen‑III, fibronectin (FN) and 
α‑smooth muscle actin (α‑SMA)] in NFs. However, as with 
the inhibitor SB431542, ADSCs significantly inhibited cell 
proliferation and migration and the expression of extracellular 
matrix proteins (collagen‑I, collagen‑III, FN and α‑SMA), but 
also suppressed the protein expression of transforming growth 
factor  β1 (TGF‑β1), phosphorylated  (p‑) mothers against 
decapentaplegic homolog (Smad) 2, p‑Smad3 and Smad7 in 
HSFs and KFs. The results show that ADSCs inhibited cell 
proliferation and migration and the expression of extracellular 
matrix proteins in HSCs and KFs in vitro, possibly through 
inhibition of the TGF‑β1/Smad pathway.

Introduction

A pathological scar is a fibroproliferative disorder that is char‑
acterized by the excessive repair by tissue repair cells, mainly 
fibroblasts, through the excessive synthesis and secretion of 
extracellular matrix during skin wound healing (1). Not only 
do pathological scars seriously affect the physical appear‑
ance, but they are also usually accompanied with infection, 
itching, pain and ulceration (2,3). In addition, they can cause 
serious dysfunction or disfigurement, which obviously affects 
the quality of life of the patient (2,3). Despite the existence 
of different clinical treatments for pathological scars, such as 
surgical resection, laser treatment, cortisol injection therapy, 
and compression therapy, no treatment method is known to 
achieve a satisfactory therapeutic effect (4,5).

Mesenchymal stem cells, derived from the mesoderm at 
the embryonic stage, are adult stem cells with self‑renewal 
and multi‑directional differentiation potential. During wound 
healing, mesenchymal stem cells have been shown to regulate 
macrophages and T‑cell function (6,7), neutralize oxidizing 
substances (8), secrete anti‑fibrotic factors (9), strengthen the 
function of dermal fibroblasts (10), promote vascularization 
and stability of blood vessels, and induce the differentiation of 
dermal layer cells, which can help in healing of the tissue (11). 
In addition, previous studies have shown that mesenchymal 
stem cells, bone marrow mesenchymal stem cells  (12,13), 
umbilical cord mesenchymal stem cells (14) and chorionic 
mesenchymal stem cells (15) can promote wound healing and 
treat various types of fibrotic diseases.

Adipose‑derived stem cells (ADSCs), which have been 
isolated from human adipose tissue suspensions, have 
multipotential differentiation capacity (16,17). In addition to 
possessing the characteristics of general stem cells, ADSCs 
have the ability of self‑renewal and multiplication, and can also 
differentiate into many specific functional cell lines (16,17). 
Compared with other mesenchymal stem cells, ADSCs have 
a wide range of sources, only lead to minor damage in the 
donor site, have a good tissue compatibility, are easy to culture 
in vitro, have weak immunogenicity and relatively uncontro‑
versial ethically (16,17). It has been shown that ADSCs can 
help repair tissue and organ damage (18,19), as well as promote 
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wound healing through their paracrine effects in diabetic and 
nude mice (20,21). However, the molecular mechanisms by 
which ADSCs promote wound healing remain to be elucidated.

The present study demonstrated that co‑culture with 
ADSCs inhibited the proliferation, migration, and protein 
expression of extracellular matrix, and also inhibited the 
transforming growth factor  β1 (TGF‑β1)/mothers against 
decapentaplegic homolog (Smad) pathway in hypertrophic 
scar fibroblasts and keloid fibroblasts.

Materials and methods

Tissue specimens and patients. Adipose tissue, used to extract 
adipose‑derived mesenchymal stem cells, was derived from 
5 healthy subjects (2 males and 3 females; 25‑42 years old) 
undergoing local liposuction from October 2018 to May 2019 
at Plastic Surgery Hospital, Chinese Academy of Medical 
Sciences and Peking Union Medical College (Beijing, China). 
Hypertrophic scar tissues were obtained from 9  patients 
with hypertrophic scars, keloid tissues were obtained from 
14 keloid patients, and 5 normal skin tissues were obtained 
from post‑reconstruction cat ear malformation and cosmetic 
outpatient surgeries. Patients with the following criteria were 
excluded from the study: i) Less than 6 months with the condi‑
tion; ii) infection in the lesion; iii) radiation therapy or steroid 
injection; iv) pathological scar disease combined with other 
hereditary diseases, body fluid transmission diseases (such 
as HIV and HBV), malignant tumors and skin diseases; and, 
v) age >55 years or <16 years.

All the participants in the present study signed informed 
consents, and the study was approved by the Ethics Committee 
of Plastic Surgery Hospital, Chinese Academy of Medical 
Sciences and Peking Union Medical College.

Isolation, culture and identification of ADSCs. The isolation, 
culture and identification (Fig. S1) of ADSCs was performed 
according to the protocol of Gao et al (22). Briefly, the adipose 
tissue was obtained under aseptic conditions and cut into 1‑2 mm 
slices, then incubated with an equal volume of 0.1% type I 
collagen (cat. no. 17018029; Thermo Fisher Scientific, Inc.) at 
37˚C for 45 min. The precipitate was centrifuged (1,200 x g 
at room temperature) for 15 min and the cell pellet was resus‑
pended in a low‑glucose DMEM medium (cat. no. 21885108; 
Gibco; Thermo Fisher Scientific, Inc.) supplemented with 
1% penicillin‑streptomycin (cat. no. 15140163; Thermo Fisher 
Scientific, Inc.), 10% fetal bovine serum (cat. no. 10437028; 
Thermo Fisher Scientific, Inc.), and 640 µg/ml glutamine 
(cat.  no.  G3126; Sigma‑Aldrich; Merck  KGaA). The cells 
were incubated at 37˚C with 5% CO2, and the medium was 
changed after 4 days of culture. Following that, the medium 
was changed every two days. Cells from passages 3‑6 were 
used in the experiments.

Isolation, culture and identification of fibroblasts. Fibroblasts, 
including normal skin fibroblasts, hypertrophic scar fibro‑
blasts and keloid fibroblasts, were isolated, cultured and 
identified as previously described (23,24). Briefly, normal 
skin tissue, hypertrophic scar tissue or keloid tissue was 
incubated in a PBS buffer solution containing 1% strepto‑
mycin for 15 min, then cut into 0.5x0.5 cm sections, which 

were incubated in a cell culture dish containing low‑glucose 
DMEM medium (cat. no. 21885108; Gibco; Thermo Fisher 
Scientific, Inc.) supplemented with 1% penicillin‑streptomycin 
(cat. no. 15140163; Thermo Fisher Scientific, Inc.), 10% fetal 
bovine serum (cat. no. 10437028; Thermo Fisher Scientific, 
Inc.), and 640 µg/ml glutamine (cat. no. G3126; Sigma‑Aldrich; 
Merck KGaA). The incubation was continued until a dense 
monolayer (80% confluency) of cells formed around the tissue 
pieces. Cells from passages 3‑6 were used in the experiments.

Transwell chamber co‑culture system. A Transwell chamber 
(cat. no. 140652; Thermo Fisher Scientific, Inc.) was used to 
culture ADSCs with fibroblasts. The co‑culture system was 
performed as follows: 1.5x103 ADSCs were added per well in 
the upper chamber of a 12‑well plate Transwell chamber, with 
0.5 ml of culture medium, and 3x103 ADSCs per well were 
inoculated into the lower chamber with 1.5 ml culture medium. 
For the single culture system only 3x103 ADSCs were inocu‑
lated per well into the lower chamber, with or without adding 
SB431542 (cat. no. s4317; Sigma‑Aldrich; Merck KGaA) into 
the culture medium.

Cell proliferation assay. The viability of fibroblasts was evalu‑
ated using the MTT Cell Proliferation and Cytotoxicity Assay 
kit and the BrdU Cell Proliferation Assay kit (cat. no. C0075S; 
Beyotime Institute of Biotechnology). Briefly, after 4 h of 
incubation with MTT (10  µl, 10  mg/ml), the supernatant 
was removed and 100 µl DMSO was added. After 30 min, 
the optical density (OD) was measured using a plate reader 
(ELx808; BioTek Instruments, Inc.).

Cell scratch test. A scratch was created perpendicular to 
the back of the horizontal line using a vertically positioned 
(non‑tilted) 200 µl pipette tip. The scratched cells were removed 
by washing the cells 3 times with PBS. The cells were then 
cultured at 37˚C and 5% CO2 in a serum‑free DMEM medium, 
and images captured after 4 days using a light microscope 
(magnification, x200; CKX41; Olympus Corporation).

Western blot analysis. Collagen‑I, collagen‑III, fibro‑
nectin (FN), α‑smooth muscle actin (α‑SMA), TGF‑β1, Smad2, 
Smad3, phosphorylated  (p‑) Smad2, p‑Smad3 and Smad7 
proteins were detected by western blotting as previously 
described (25). Total protein was extracted from cells using a 
cell total protein extraction kit (cat. no. P1250), and the protein 
concentration was measured using a BCA kit (cat. no. P1511; 
both from Applygen Technologies, Inc.). Subsequently, 40 µg 
total protein/sample were analyzed via 8‑10% SDS‑PAGE, 
and the proteins were transferred onto a PVDF membrane 
(cat.  no. 3010040001; Merck & Co., Inc.). The antibodies 
(Abcam) were diluted according to the manufacturer's 
guidelines. The membranes were blocked for 1 h at room 
temperature using a blocking solution containing 5% skimmed 
milk in TBS‑0.05% Tween‑20. The membranes were then 
incubated with the primary antibodies: Collagen‑I (1:1,000; 
cat. no. ab34710), collagen‑III (1:1,000; cat. no. ab184993), FN 
(1:2,000; cat. no. ab2413), α‑SMA (1:1,500; cat. no. ab5694), 
TGF‑β1 (1:1,000; cat.  no.  ab215715), Smad2 (1:200; 
cat. no. ab40855), Smad3 (1:1,000; cat. no. ab40854), p‑Smad2 
(1:500; cat. no. ab188334), p‑Smad3 (1:1,000; cat. no. ab52903) 
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and Smad7 (1:1,000; cat.  no.  ab216428), diluted in the 
blocking solution, for 2 h at room temperature, then incubated 
with the secondary antibodies: Goat anti‑rabbit IgG H&L 
HRP‑conjugated (1:2,000; cat. no. ab6721) and goat Anti‑Mouse 
IgG H&L HRP‑conjugated (1:3,000; cat. no. ab6789), diluted 
in blocking solution, for 1 h at room temperature. Finally, the 
signal was visualized with ECL solution (cat. no. K22020; 
Abbkine Scientific Co., Ltd.). ImageJ software (v3.0; National 
Institutes of Health) was used to analyze the protein bands, 
and β‑actin was for normalization.

Statistical analysis. SPSS 20.0 (SPSS, Inc.) was used for statis‑
tical analysis of the data. Student's t‑test was used to compare 
between two groups, while multi‑group comparisons were 
performed using one‑way ANOVA followed with Duncan's 
post hoc test. P<0.05 was considered to indicate a statistically 
significant difference.

Results

ADSCs inhibit the proliferation of HSFs and KFs. Transwell 
chambers were used to establish a co‑culture system of ADSCs 
and NFs, HSFs or KFs (Fig. 1A). No significant difference in 

the proliferation of NFs was observed between NFs single 
culture system and ADSCs + NFs co‑culture system. However, 
SB431542 inhibited the proliferation of NFs in the NFs single 
culture system (Fig. 1B). As shown in Fig. 1C and D, the 
proliferation of HSFs and KFs was higher in the single culture 
system, compared with that in the co‑culture system with 
ADSCs. As with the NFs, SB431542 significantly inhibited 
the proliferation of HSFs and KFs in the single culture system.

ADSCs inhibit the migration of HSFs and KFs. While 
co‑culture with ADSCs did not affect the migration of NFs, 
SB431542 significantly inhibited the cell migration of NFs in 
NFs single culture system (Fig. 2A). In addition, the migra‑
tion distance of HSFs and KFs were significantly higher in the 
single culture system, compared with their migration distance 
following co‑culture with ADSCs (Fig. 2B and C). SB431542 
significantly inhibited the migration of HSFs and KFs in the 
single culture system.

ADSCs reduce the expression of extracellular matrix proteins 
in HSFs and KFs. The expression of extracellular matrix 
proteins, such as collagen‑I, collagen‑III and FN, and the extra‑
cellular matrix‑related proteins, such as α‑SMA, in NFs, HSFs 

Figure 1. Effects of ADSCs on the proliferation of NFs, HSFs and KFs. (A) Co‑culture system of ADSCs with NFs, HSFs and KFs. (B) The proliferation of NFs 
in different culture environments. **P<0.001 vs. NFs group; ***P<0.001 vs. NFs group. (C) The proliferation of NFs in different culture environments. **P<0.01 
vs. HSFs group; ***P<0.001 vs. HSFs group. (D) The proliferation of NFs in different culture environments. ***P<0.001 vs. KFs group. ADSCs, adipose‑derived 
mesenchymal stem cells; NFs, normal skin fibroblasts; HSFs, hypertrophic scar fibroblasts; KFs, keloid fibroblasts.
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and KFs, were measured in the single culture systems and in the 
co‑cultured cells (Fig. 1A). There was no significant difference 
in the expression of collagen‑I, collagen‑III, FN and α‑SMA 
protein in NFs cultured alone and in those co‑cultured with 
ADSCs. However, the expression of collagen‑I, collagen‑III, 
FN and α‑SMA proteins was significantly decreased in NFs 
treated with SB431542. Of importance, the expression of 

collagen‑I, collagen‑III, FN and α‑SMA proteins in HSFs 
and KFs from the single culture system were significantly 
lower than those from the co‑culture system with ADSCs 
(Fig. 3A‑C). On the other hand, SB431542 reduced the protein 
expression of collagen‑I, collagen‑III, FN and α‑SMA in HSFs 
and KFs from the single culture system (Fig. 3A‑C). In addi‑
tion, the concentration of hydroxyproline (HYP) in HSFs and 

Figure 2. Effects of ADSCs on the proliferation of NFs, HSFs and KFs. (A) Cell scratch assays were used to measure the migration of NFs in different culture 
environments. (B) Cell scratch assays were used to measure the migration of HSFs in different culture environments. (C) Cell scratch assays were used to 
measure the migration of KFs in different culture environments. Scale bar=100 µm. ADSCs, adipose‑derived mesenchymal stem cells; NFs, normal skin 
fibroblasts; HSFs, hypertrophic scar fibroblasts; KFs, keloid fibroblasts.
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KFs from the single culture system was significantly lower 
compared with that from the co‑culture system with ADSCs, 
and SB431542 reduced the concentration of HYP from the 
single culture system (Fig. 3D).

ADSCs inhibit TGF‑β1/Smad pathway in HSFs and KFs. 
The TGF‑β1/Smad pathway is a signaling pathway that is 
closely associated with cell proliferation and migration, and 
to extracellular matrix synthesis in fibroblasts. As shown in 

Figure 3. Effects of ADSCs on the synthesis of extracellular matrix in NFs, HSFs and KFs. Western blotting was used to detect the expression of collagen‑I, 
collagen‑III, FN and α‑SMA protein in (A) NFs (***P<0.01 vs. NFs group), (B) HSFs (***P<0.01 vs. HSFs group) and (C) KFs (***P<0.01 vs. KFs group). (D) The 
concentration of HYP in the culture medium of NFs, HSFs and KFs with different culture environments. HYP; hydroxyproline; ADSCs, adipose‑derived 
mesenchymal stem cells; NFs, normal skin fibroblasts; HSFs, hypertrophic scar fibroblasts; KFs, keloid fibroblasts; ns, not significant..
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Fig. 4, the protein expression of TGF‑β1, p‑Smad2/Smad2, 
p‑Smad3/Smad3 and Smad7 in NFs from the single culture 
system were similar to that from the co‑culture systems. 
However, the selective inhibitor of the TGF‑β1/Smad 
signaling pathway, SB431542, significantly decreased 
the protein expression of TGF‑β1, p‑Smad2/Smad2, 
p‑Smad3/Smad3 and Smad7 in NFs. In addition, the protein 

expression of TGF‑β1, p‑Smad2/Smad2, p‑Smad3/Smad3 
and Smad7 in HSFs and KFs from the single culture systems 
were significantly higher than those from the co‑culture 
systems with ADSCs (Fig.  4B  and  C). Furthermore, 
SB431542 also suppressed TGF‑β1, p‑Smad2, p‑Smad3 and 
Smad7 expression in HSFs and KFs in the single culture 
systems (Fig. 4B and C).

Figure 4. Effects of ADSCs on TGF‑β1/Smad pathway in NFs, HSFs and KFs. A‑C, Western blot was used to detect the expression of TGF‑β1, Smad2, Smad3, 
p‑Smad 2, p‑Smad 3 and Smad 7 protein in (A) NFs (***P<0.01 vs. NFs group), (B) HSFs (***P<0.01 vs. HSFs group) and (C) KFs (***P<0.01 vs. KFs group). 
ADSCs, adipose‑derived mesenchymal stem cells; TGF‑β1, transforming growth factor β1; Smad, mothers against decapentaplegic homolog; NFs, normal skin 
fibroblasts; HSFs, hypertrophic scar fibroblasts; KFs, keloid fibroblasts; p‑, phosphorylated.; ns, not significant.
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Discussion

The complex causes and mechanisms have led to a number 
of hypotheses to explain pathological scars formation, such 
as the immunoinflammatory over‑the‑sun holiday hypothesis 
(i.e. excessive inflammation results in extracellular matrix 
deposition and tissue fibrosis), the cytokine regulatory disorder 
hypothesis, the cell matrix line disorder hypothesis and the 
epigenetic hypothesis (26,27). However, no single hypothesis 
can fully explain the mechanism of pathological scars forma‑
tion. Despite that, various hypotheses can hold several views 
on the causes of pathological scar formation; excessive fibro‑
blast proliferation and deposition of extracellular matrix are 
considered the most significant pathological changes during 
the development of pathological scars  (26,27). Therefore, 
inhibition of fibroblasts proliferation and the suppression of 
extracellular matrix synthesis by fibroblasts could be poten‑
tial targets for the prevention and treatment of pathological 
scars (28).

Previous studies have shown that the transplantation of 
mesenchymal stem cells into the large area of wounds can 
accelerate wound healing, improve healing quality and reduce 
scar formation (29,30). This suggests that mesenchymal stem 
cells can inhibit scar formation, which provides an approach 
for the treatment of wounds and pathological scars (29,30). 
Previous studies have shown that mesenchymal stem cells 
can inhibit scar hyperplasia through myofibroblasts regula‑
tion  (31,32), immune response regulation  (33), ROS/RNS 
homeostasis (34) and angiogenesis induction (35). The present 
study demonstrated that ADSCs inhibited cell proliferation 
and migration, as well as the protein expression of collagen‑I, 
collagen‑III, FN and α‑SMA in hypertrophic scar fibroblasts 
and keloid fibroblasts. Evidently, the present study only inves‑
tigated the effect of ADSCs on proliferation, migration and the 
synthesis of extracellular matrix in HSFs and KFs in vitro. The 
current study was limited to outside the body to circumvent the 
complex environment inside the body, and its conclusion needs 
to be confirmed in vivo. With the advancements in cell therapy 
and stem cells understanding, ADSCs are regarded as model 
seed cells for cell therapy due to their ability to secrete a large 
number of active factors (36,37) that can act through paracrine 
mechanisms to exert multiple effects, such as the induction of 
wound healing (19), angiogenesis (22), the inhibition of scar 
formation following myocardial infarction (38) and multi‑direc‑
tional differentiation (39). Yoshihiko et al (40) demonstrated 
that adipose‑derived stem/stromal cells can inhibit the forma‑
tion of vocal cord scars through the regulation of the biological 
behavior of vocal fold fibroblasts and through the regulation 
of vocal folds inflammation. Yun et al (41) demonstrated that 
human ADSCs can stimulate scar remodeling in a pig wound 
model by decreasing the activity of mast cells, inhibiting the 
effects of TGF‑β on fibroblasts and decreasing the expression of 
MMP molecules. In vitro, human ADSCs were shown to inhibit 
TGF‑β1‑induced differentiation of human dermal fibroblasts 
and keloid scar‑derived fibroblasts in a paracrine manner (42).

The mode of action of ADSCs in the regulation of scar 
fibroblasts can occur either through direct contact, or through 
indirect non‑contact mechanisms (16,17). The present study 
established an indirect co‑culture system of ADSCs and 
fibroblasts, including hypertrophic scar fibroblasts and keloid 

fibroblasts, using a Transwell chamber wherein ADSCs were 
not in direct contact with fibroblasts. However, in animal 
experiments, ADSCs are in direct contact with scar fibroblasts. 
While a study has indicated that local injection of adipose stem 
cells can promote healing and reduce the risk of scar forma‑
tion during healing of the injury site (43), ADSCs‑conditioned 
medium was alone able to alter the biological behavior of target 
cells (44,45). Therefore, the interaction between the two cell 
types could be achieved through the influence of receptors, in 
addition to their direct interaction.

The present study observed that co‑culture with ADSCs 
inhibited the protein expression of TGF‑β1, p‑Smad2/Smad2, 
p‑Smad3/Smad3 and Smad7 in HSFs and KFs. The TGF‑β 
family is highly conserved and its members are widely 
expressed during embryonic and tissue development, where 
they have been shown to exhibit different biological functions 
in a cell‑dependent and condition‑dependent manner  (46). 
TGF‑β1 is a representative cytokine of the TGF‑β family 
that plays an important role in the regulation of the biological 
behavior of different cell types at different stages of develop‑
ment (46). TGF‑β1 exists in complex regulatory networks with 
different cell signaling pathway molecules that can regulate 
the expression of each other (46). In the process of wound 
healing, moderate secretion of TGF‑β1 can promote the prolif‑
eration and migration of fibroblasts, and can also accelerate 
the healing of wounds (47,48). Jung et al (49) demonstrated 
that ADSCs can downregulate the expression of type‑1 
collagen and hyaluronic acid at the mRNA level via paracrine 
TGF‑β1 activity. Overexpression of TGF‑β1 has been reported 
to promote the secretion of extracellular matrix, which leads to 
scars formation (50,51).

In summary, the present study demonstrated that ADSCs 
can affect the biological behavior of HSFs and KFs in vitro, 
specifically proliferation, migration and extracellular matrix 
synthesis, by regulating the TGF‑β1/Smad pathway.
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