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Background and Objectives: Galectin-3 promotes fibroblast-to-myofibroblast differentiation and facilitates injury repair. 
Previous studies have shown that exosomes derived from human umbilical cord mesenchymal stem cells (hucMSC-ex) 
promote the differentiation of myocardial fibroblasts into myofibroblasts under inflammatory environment. Whether 
hucMSC-ex derived Galectin-3 (hucMSC-ex-Galectin-3) plays an important role in fibroblast-to-myofibroblast differ-
entiation is the focus of this study.
Methods and Results: Galectin-3 was knocked-down by siRNA in hucMSCs, and then exosomes were extracted. 
Fibroblasts were treated with LPS, LPS＋hucMSC-ex, LPS＋negative control-siRNA-ex (NC-ex), or LPS＋
Galectin-3-siRNA-ex (si-ex) in vitro. The coronary artery of the left anterior descending (LAD) branch was permanently 
ligated, followed by intramyocardial injection with phosphate buffered saline(PBS), hucMSC-ex, hucMSC-NC-ex, or 
hucMSC-si-ex in vivo. Western blot, RT-PCR, and immunohistochemistry were used to detect the expression of markers 
related to fibroblast-to-myofibroblast differentiation and inflammatory factors. Migration and contraction functions of 
fibroblasts were evaluated using Transwell migration and collagen contraction assays, respectively. β-catenin expression 
was detected by western blot and immunofluorescence. The results showed that hucMSC-ex increased the protein ex-
pression of myofibroblast markers, anti-inflammatory factors, and β-catenin. HucMSC-ex also reduced the migration 
and promoted the contractility of fibroblasts. However, hucMSC-si-ex did not show these activities.
Conclusions: HucMSC-ex-Galectin-3 promoted the differentiation of cardiac fibroblasts into myofibroblasts in an in-
flammatory environment, which was associated with increased β-catenin levels.
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Introduction 

  Myocardial infarction results in massive myocardial cell 
death and remodeling. Myocardial fibroblasts are one of 
the most abundant non-cardiomyocyte cells types in the 
myocardium and are considered effector cells of cardiac 
remodeling (1). To maintain myocardial structure and 
function in the early period after myocardial infarction, 
myocardial fibroblasts differentiate into myofibroblasts 
(2). Mesenchymal stem cells have a protective effect on 
myocardial injury. It has been shown that after intra-
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venously injecting mesenchymal stem cells, they specifi-
cally migrate to the site of myocardial injury to reduce 
inflammatory responses (3). Bone marrow mesenchymal 
stem cell exosomes can improve myocardial injury by at-
tenuating inflammatory responses (4). Our previous stud-
ies showed that exosomes derived from human umbilical 
cord mesenchymal stem cells can improve cardiac func-
tion after acute myocardial infarction and promote the dif-
ferentiation of myocardial fibroblasts into myofibroblasts 
under inflammatory environment, which is cardioprotective 
(5). Exosomes contain cytokines, proteins, and nucleic 
acids, which are then selectively transported to other cells 
(6). Which exosome proteins play key cardioprotective 
roles deserves further investigation.
  Galectin-3 is a 30 kDa protein with no enzymatic activ-
ity that is a member of the β-galactosid-specific lectin 
family (7). Galectin-3 has a variety of biological functions 
and plays a number of important regulatory roles in in-
flammation, immunity, and cancer (8). Recent evidence 
suggests that Galectin-3 is pivotal in the development of 
fibrosis in the heart, blood vessels, kidneys, liver, and 
lungs (9, 10). Additionally, Galectin-3 is critical for main-
taining ventricular geometry and function in the first few 
days after myocardial infarction (11). A previous study 
showed that secretion of Galectin-3 by macrophages could 
promote the differentiation of cardiac fibroblasts into my-
ofibroblasts after myocardial injury (12). We detected high 
Galectin-3 expression in hucMSC-ex, and in this study, we 
investigated its role in the differentiation of cardiac fibro-
blasts into myofibroblasts.
  Fibrosis and the progression of renal, lung, liver, heart, 
and skin cancer are closely related to abnormal activation 
of the Wnt signaling pathway (13). The Wnt/β-catenin 
signaling pathway can affect fibroblast function, fibrosis, 
and tissue repair (14). β-catenin is a key molecule in the 
canonical Wnt signaling pathway. Studies have shown that 
Galectin-3 is a new binding partner of β-catenin. 
Galectin-3 can bind β-catenin and directly regulate target 
gene transcription into the nucleus (15). Galectin-3 is con-
sidered a critical protein for modulating Wnt/β-catenin 
signaling. In this paper, we show that Galectin-3 derived 
from hucMSC-ex promotes fibroblast-to-myofibroblast dif-
ferentiation, which was associated with increased β

-catenin expression and nuclear translocation.

Materials and Methods

Animals
  The animals used in this study included newborn 
Sprague–Dawley (SD) rats (1∼3-days-old) and adult male 

SD rats (180∼220 g). All animal experiments were ap-
proved by the Animal Experiment Center of Jiangsu 
University in Zhenjiang, Jiangsu Province, China, and 
were conducted in accordance with the Guidelines for the 
Care and Use of Experimental Animals.

Cell culture 
  HucMSCs were isolated and cultured from umbilical 
cords of healthy newborn infants according to previously 
published protocols (16). In this study, hucMSCs were 
sourced from Affiliated Hospital of Jiangsu University 
(Jiangsu, China), and all subjects provided informed 
consent. HucMSCs were cultured in Minimum Essential 
Medium Alpha (α-MEM; Gibco, Grand Island, NY, USA) 
with 10% fetal bovine serum (FBS; Biological Industries, 
Beit HaEmek, Israel) at 37℃ in 5% CO2. Primary my-
ocardial fibroblasts were isolated from the hearts of 1∼
3-days-old SD rats. The ventricles were cut into pieces in 
HBSS buffer, digested with trypsin overnight at 4℃, and 
then with trypsin inhibitor and type II collagenase 
(Worthington, Lakewood, NJ USA) at 37℃. The digested 
cells were cultured in high-glucose Dulbecco’s modified 
Eagle’s medium (H-DMEM; Gibco) containing 10% FBS 
at 37℃ with 5% CO2 for 90 min. After removing non-ad-
herent cells, the adherent cells (myocardial fibroblasts) 
continued to be cultured in the same condition.

Nanoparticle tracking analysis (NTA)
  HucMSC-ex were diluted with PBS filtered by a 0.22 μm 
filter to achieve the optimal concentration detected by 
Nanosight nanoparticle analyzer. HucMSC-ex diluents 
were pushed into the sample room slowly. Ultimately, au-
tomatic video capture and data analysis were performed.

HucMSC-ex tracker
  HucMSC-ex were labeled according to the instructions 
of CM-Dil (Invitrogen, Carlsbad, CA, USA). HucMSC-ex 
were resuspended in 1 ml of PBS, and then CM-Dil dye 
was added at a ratio of 5 μl/ml and incubated at 37℃  
for 30 min in the dark. Then, the mixture was centrifuged 
in a 100-kDa molecular weight cut-off (MWCO) ultra-
filtration centrifuge tube at 1,000×g for 30 min and wash-
ed with PBS to remove unbound dye. The control group 
underwent the same treatment with PBS replacing 
hucMSC-ex. Finally, hucMSC-ex labeled with CM-Dil or 
control CM-Dil were added to cardiac fibroblasts and in-
cubated at 37℃ for 12 h. The cardiac fibroblasts were 
washed three times with PBS, fixed with 4% paraf-
ormaldehyde for 20 min, and then washed three times 
with PBS. Afterwards, nuclei were stained with Hoechst 
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(Sigma-Aldrich, St. Louis, MO, USA) for 10 min, and then 
the cells were imaged with a fluorescence microscope 
(OLYMPUS DP73, Tokyo, Japan).

Galectin-3 siRNA transfection
  Three siRNA constructs targeting human Galectin-3 
(siRNA1: 5’-GAACAACAGGAGAGTCATT-3’, siRNA2: 5’- 
CGGTGAAGCCCAATGCAAA-3’, and siRNA3: 5’-TGCT 
TTAGATTTCCAAAGA-3’) and a negative control (NC) 
construct were constructed by RIBOBIO (Guangzhou, 
China). When the density of hucMSCs reached 60%∼

70%, they were transfected with NC or Galectin-3 siRNAs 
using Lipofectamine 2000 (Invitrogen).

Exosome extraction 
  When the density of hucMSCs reached 70%∼80%, the 
cells were cultured in α-MEM supplemented with 10% 
exosome-free FBS for 48 h. The supernatant was collected 
and centrifuged at 300×g for 20 min, 800×g for 20 min, 
2,000×g for 20 min, and 10,000×g for 30 min (all at 4℃) 
to remove cells and debris. The supernatant was then con-
centrated with MWCO ultrafiltration centrifuge tubes at 
2,000×g for 30 min, mixed with exoquick-TC exosomes 
separation reagent (System Biosciences, Palo Alto, CA, 
USA) overnight at 4℃. The next day, the mixture was 
centrifuged at 12,000×g for 30 min at 4℃. Finally, ex-
tracted exosomes were resuspended in the appropriate vol-
ume of PBS and stored at −80℃. The protein concen-
tration of exosomes was measured with the BCA kit.

Acute myocardial infarction (AMI) model 
  Male SD rats were randomly divided into five groups: 
sham, AMI＋PBS, AMI＋ex, AMI＋NC-ex, and AMI＋
si-ex. Except for the sham operation group, all animals re-
ceived permanent coronary artery ligation according to 
previously reported methods (13). Next, PBS, hucMSC-ex, 
hucMSC-NC-ex, or hucMSC-si-ex (400 μg) were immedi-
ately injected into the area around the ligation. After 48 
h, the rats were sacrificed.

Western blot analysis 
  Cells and exosomes were lysed with RIPA lysis buffer 
containing protease and phosphatase inhibitors. Nuclear 
proteins were extracted with a kit (CWBIO, Beijing, 
China). Protein samples were separated by SDS-PAGE, 
and then transferred to PVDF membranes (Millipore, 
Burlington, MA, USA). After blocking for 1 h, the PVDF 
membranes were incubated with primary antibodies over-
night at 4℃. The primary antibodies used were anti-CD81 
(1：1,000; Cell Signaling Technology, Danvers, MA, USA), 

anti-CD63 (1：1,000; Cell Signaling Technology), anti- 
TSG-101 (1：1,000; Cell Signaling Technology), anti-calnex-
in (1：1,000; Cell Signaling Technology)，anti-Galectin-3 
(1：1,500; Abcam, Cambridge, UK), anti-α-SMA (1：
1,000; Bioworld Technology, Bloomington, MN, USA), an-
ti-Collagen Ⅰ (1：1,000; Bioworld Technology), anti-Pe-
riostin (1：1,000; Proteintech, Wuhan, China), anti-IL-1β 

(1：1,000; Bioworld Technology), anti-TNF-α (1：1,000; 
Bioworld Technology), anti-TGF-β (1：1,000; Abcam), 
anti-β-catenin (1：1,000; Cell Signaling Technology), an-
ti-GAPDH (1：3,000; CWBIO, Beijing, China), and anti- 
Histone (1：1,000; Cell Signaling Technology). The next 
day, membranes were incubated at 37℃ for 1 h with hor-
seradish peroxidase-linked goat anti-rabbit or anti-mouse 
antibodies (1：3,000; ABM, Richmond, Canada).

Immunohistochemistry
  Myocardial tissues were fixed with 4% paraformalde-
hyde, embedded in a paraffin block, and cut into 3-μm 
sections. After a series of deparaffinization and dehy-
dration steps, endogenous peroxidase activity was blocked 
with 3% H2O2, and then freshly prepared 0.01 mol/l cit-
rate buffer was used for antigen retrieval. After washing 
three times with PBS, the sections were blocked with 5% 
BSA for 30 min, and then incubated with the following 
primary antibodies: anti-α-SMA (1：200; MAXIM, Fujian, 
China), anti-Periostin (1：200; Proteintech), anti-Collagen I 
(1：200; Boster, Wuhan, China), anti-IL-1β (1：200; 
Bioworld Technology), anti-TNF-α (1：200; Bioworld 
Technology), and anti-TGF-β (1：300; Abcam) overnight 
at 4℃. Then the sections were incubated with biotin-la-
beled goat anti-mouse/rabbit secondary antibodies at 37℃  
for 30 min. DAB chromogenic solution was used for color 
development, and hematoxylin was used for counter 
staining. Immunohistochemical images were captured with 
a Panoramic Scanner MIDI (3DHISTECH, Budapest, 
Hungary).

Reverse transcription-polymerase chain reaction 
(RT-PCR)
  Fibroblasts were treated with LPS, LPS＋hucMSC-ex, 
LPS＋hucMSC-NC-ex, and LPS＋hucMSC-si-ex. After 24 
h, the cells were collected and lysed with TRIzol reagent 
(Invitrogen) to extract total cellular RNA. Complementary 
DNA (cDNA) was obtained using a reverse transcription 
kit (CWBIO). RT-PCR was performed using UltraSYBR 
mix (CWBIO). β-actin was used as the endogenous refer-
ence gene for all RT-PCR experiments. PCR primers are 
listed in Table 1.



Qinyu Guo, et al: Exosomes Favor Fibroblast Differentiation  323

Table 1. Primer sequences for the amplification of target genes

Genes Primer sequence (5’-3’)

β-actin Forward: 5’-TGTCACCAACTGGGACGATA-3’
Reverse: 5’-GGGGTGTTGAAGGTCTCA AA-3’

IL-1β Forward: 5’-ATCTCACAGCAGCATCTCGACAAG-3’
Reverse: 5’-CACACTAGCAGGTCG TCATCATCC-3’

TNF-α Forward: 5’-GCATGATCCGAGATGTGG AACTGG-3’
Reverse: 5’-CGCCACGAGCAGGAATGAGAAG-3’

TGF-β Forward: 5’-GGCACCATCCATGACATGAACCG-3’
Reverse: 5’-GCCGTACACAGCAGTTCTTCTCTG-3’

Galectin-3 Forward: 5’-GCCTTCCACTTTAACCCACG-3’
Reverse: 5’-AACCGACTGTCTTTCTTCCCTTC-3’

Fig. 1. Characterization of hucMSC-ex. 
(A) The particle sizes of hucMSC-ex. 
(B) Image of hucMSC-ex. (C) Exoso-
mal marker proteins CD63, CD81, 
and TSG-101 and the negative con-
trol calnexin were detected by west-
ern blot. (D) The internalization of 
exosomes by fibroblasts. Exosomes 
were stained with CM-Dil (red) and 
nuclei were stained with Hoechst 
(blue). Scale bar=50 μm.

Immunofluorescence assay
  Immunofluorescence analysis of primary cardiac fibro-
blasts was performed as described previously (5). Anti-β- 
catenin primary antibody (1：300; Cell Signaling Techno-
logy) was used. The secondary antibody was a fluorescen-
tly coupled antibody (1：1,000; Cell Signaling Technology). 
Nuclei were stained with Hoechst (Sigma-Aldrich). A fluo-
rescence microscope (OLYMPUS DP73) was used to ob-
tain images.

Transwell migration assay
  The migration of cardiac fibroblasts was determined us-
ing Transwell chambers (Corning Inc., Corning, NY, 
USA). Primary fibroblasts (1.5×105 cells/ml) were treated 
with LPS, LPS＋hucMSC-ex, LPS＋hucMSC-NC-ex, or 
LPS＋hucMSC-si-ex for 24 h, and then resuspended in se-
rum-free α-MEM. Next, 200 μl of cell suspension was 
added to the upper chamber and 600 μl of α-MEM con-
taining 10% FBS of was added to the lower chamber. After 
incubating in 5% CO2 at 37℃ for 8 h, the cells in the 
upper chamber were removed. Meanwhile, cells adhered 

to the membrane of the lower chamber were fixed with 
4% paraformaldehyde at room temperature for 30 min, 
and then stained with 0.1% Crystal Violet. Images from 
three randomly selected fields were obtained with an in-
verted microscope (OLYMPUS DP73, Japan) and the cells 
were counted.

Collagen gel contraction assay
  Cells were resuspended in serum-free α-MEM to a fi-
nal density of 2.5×105 cells/ml. Then 250 μl of cell sus-
pension was mixed with 200 μl of Collagen I (3 mg/ml) 
(Gibco), 25 μl of 10×DMEM (Gibco) and 25 μl of 0.1 
mol/l NaOH. The mixture was spread in a 24-well plate 
(500 μl per well) and incubated at 37℃ for 1 h. Then 
the gel was separated and cultured in 10% FBS α-MEM 
containing LPS, LPS＋hucMSC-ex, LPS＋hucMSC-NC-ex, 
or LPS＋hucMSC-si-ex. The control group was cultured 
in 10% FBS α-MEM only. After 24 h, the gel contraction 
images were taken with a camera, and the surface area was 
measured using Image J software to quantify the degree 
of contraction.

Statistical analysis 
  All data were processed with Prism 5.0 software and are 
expressed as the mean±SD. Student’s t-test or one-way 
ANOVA was used to compare experimental groups and 
the relative control group. p values ＜0.05 were considered 
significant.

Results

Characterization of HucMSC-ex
  Exosomes are tiny vesicles secreted by most cells. We 
measured the particle size of hucMSC-ex and recorded 
motion images by NTA. The particle size of hucMSC-ex 
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Fig. 2. HucMSC-ex promoted fibro-
blast-to-myofibroblast differentiation 
in inflammatory environments. Cardiac 
fibroblasts were treated with LPS (100 
ng/ml) or LPS＋hucMSC-ex (200 μg/ml) 
for 24 h; the control group did not 
receive any treatment. (A, B) Colla-
gen I, Periostin, and α-SMA expre-
ssion were detected by western blot. 
(C) Collagen contraction analysis was 
used to determine the collagen con-
tractility of cardiac fibroblasts treat-
ed with LPS (100 ng/ml) or LPS＋
hucMSC-ex (200 μg/ml) for 24 h. 
(D) Cardiac fibroblasts were treated 
with LPS (100 ng/ml) or LPS＋hucMSC- 
ex (200 μg/ml) for 24 h, Transwell 
migration assays were used to detect 
the migration ability of cardiac fibro-
blasts. Scale bar=100 μm; *p＜
0.05, **p＜0.01, and ***p＜0.001.

was 30∼150 nm (Fig. 1A and 1B). Additionally, western 
blot results showed that the exosomal marker proteins 
CD63, CD81, and TSG-101 were found in hucMSC-ex, 
but calnexin and GAPDH were not found in hucMSC-ex 
(Fig. 1C). Exosomes can be taken up by many kinds of 
cells. We labeled hucMSC-ex with CM-Dil and co-cul-
tured them with cardiac fibroblasts for 12 h. The results 
showed that the labeled exosomes were distributed around 
the nuclei of cardiac fibroblasts (Fig. 1D). These results 
demonstrated that hucMSC-ex entered into cardiac fibro-
blasts, which provided a strong basis for subsequent 
experiments.

HucMSC-ex promoted fibroblast-to-myofibroblast 
differentiation in inflammatory environment
  Next, primary fibroblasts were treated with LPS or LPS＋ 

hucMSC-ex for 24 h. Western blots showed that α-SMA, 
Collagen I, and Periostin expression were all up-regulated 
in the LPS＋ex group compared with the LPS group (Fig. 
2A and 2B). Additionally, the collagen contraction ability 
of cells in the LPS＋ex group was enhanced compared 
with LPS-treated cells, but their migration ability was 
weakened (Fig. 2C and 2D).

HucMSC-ex-Galectin-3 promoted the differentiation of 
cardiac fibroblasts into myofibroblasts
  Thus, hucMSC-ex can promote fibroblast-to-myofibro-
blast differentiation during inflammatory environment  
(5). Previous studies have shown that Galectin-3 also pro-
motes the differentiation of fibroblasts into myofibroblasts 
during inflammation (10, 12).
  Thus, we next investigated if the effects of hucMSC-ex 
involved Galectin-3. We detected the expression of 
Galectin-3 protein in hucMSCs and hucMSC-ex by west-
ern blot. The results illustrated that hucMSCs and 
hucMSC-ex contained Galectin-3 (Fig. 3A). Then, to un-
derstand the biological role of Galectin-3 in hucMSC-ex, 
Galectin-3 expression in hucMSCs was silenced by siRNA. 
As shown in Fig. 3B and 3C, Galectin-3 expression was 
the lowest in hucMSCs with Galectin-3 siRNA1 compared 
with the other groups. Similarly, Galectin-3 was knocked 
down in hucMSC-ex with a Galectin-3 siRNA1 (Fig. 3D). 
The results showed that silencing Galectin-3 in hucMSCs 
decreased Galectin-3 levels in hucMSC-ex. Next, we as-
sessed the possible role of Galectin-3 in promoting the dif-
ferentiation of cardiac fibroblasts into myofibroblasts. 
Primary fibroblasts were treated with LPS, LPS＋
hucMSC-ex, LPS＋hucMSC-NC-ex, or LPS＋hucMSC- 
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Fig. 4. HucMSC-ex-Galectin-3 pro-
moted the differentiation of cardiac 
fibroblasts into myofibroblasts. Car-
diac fibroblasts were treated with 
LPS (100 ng/ml), LPS＋hucMSC-ex 
(200 μg/ml), LPS＋hucMSC-NC-ex 
(200 μg/ml), or LPS＋hucMSC-si-ex 
(200 μg/ml) for 24 h. (A) Collagen 
I, Periostin, and α-SMA levels were 
detected by western blot. (B) Two 
days after myocardial infarction was 
induced in SD rats, Collagen I, 
Periostin, and α-SMA expression in 
the infarcted area were detected by 
immunohistochemistry. Scale bar= 
20 μm. *p＜0.05, **p＜0.01, and 
***p＜0.001.

Fig. 3. SiRNA-mediated knockdown 
of hucMSC-Galectin-3. (A) Galectin-3 
protein expression in hucMSC and 
hucMSC-ex were detected by west-
ern blot. (B, C) HucMSCs were 
transfected with Galectin-3 siRNA, 
and then Galectin-3 protein and 
mRNA expression were detected by 
western blot and qRT-PCR, respecti-
vely. (D) Levels of Galectin-3 protein 
in hucMSC-ex following Galectin-3 
knockdown were detected by west-
ern blot. *p＜0.05, **p＜0.01, and 
***p＜0.001.

si-ex for 24 h in vitro. Western blot was used to detect α- 
SMA, Collagen I and Periostin expression. The expression 
of these proteins was increased in the hucMSC-ex group, 
while it was decreased in hucMSC-si-ex group (Fig. 4A). 
Immunohistochemistry was used to detect the expression 
of α-SMA, Collagen I and Periostin, which were in-
creased in the AMI＋ex group compared with the AMI＋
PBS group; when Galectin-3 siRNA was used, the ex-
pression was reduced compared with the group treated 
with NC sequence (Fig. 4B). In conclusion, in an in-

flammatory environment, hucMSC-ex-Galectin-3 promoted 
the differentiation of cardiac fibroblasts into myofibro-
blasts in vivo and in vitro. The differentiation of fibroblasts 
into myofibroblasts increased the contraction ability and 
weakened the migration ability. The contractility of fibro-
blasts was weakened in the LPS＋hucMSC-si-ex group 
compared with the LPS＋hucMSC-NC-ex group. In con-
trast, their migration ability showed the opposite trend 
(Fig. 5A and 5B).
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Fig. 5. HucMSC-ex-Galectin-3 alte-
red the function of cardiac fibroblasts. 
Cardiac fibroblasts were treated with 
LPS (100 ng/ml), LPS＋hucMSC-ex 
(200 μg/ml), LPS＋hucMSC-NC-ex 
(200 μg/ml), or LPS＋hucMSC-si-ex 
(200 μg/ml) for 24 h. (A) Transwell 
migration assays were used to detect 
the migration ability of cardiac fibro-
blasts. Scale bar=100 μm. (B) Co-
llagen contraction analysis detected 
the collagen contractility of cardiac 
fibroblasts.*p＜0.05 and ***p＜0.001.

Fig. 6. HucMSC-ex-Galectin-3 pro-
moted the transformation of fibro-
blasts to an anti-inflammatory phe-
notype. Cardiac fibroblasts were treat-
ed with LPS (100 ng/ml), LPS＋hucMSC- 
ex (200 μg/ml), LPS＋hucMSC-NC-ex 
(200 μg/ml), or LPS＋hucMSC-si-ex 
(200 μg/ml) for 24 h. (A, B) IL-1β, 
TNF-α, and TGF-β protein levels 
were detected by western blot. (C∼
E) The mRNA expression of IL-1β, 
TNF-α, and TGF-β were detected 
by qRT-PCR. (F) Two days after my-
ocardial infarction was induced, IL-1
β, TNF-α, and TGF-β expression 
in the infarcted area were detected 
by immunohistochemistry. Scale bar= 
20 μm. *p＜0.05, **p＜0.01, and 
***p＜0.001.
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Fig. 7. HucMSC-ex-Galectin-3-induced
fibroblast-to-myofibroblast transfor-
mation was associated with increased 
β-catenin expression. Cardiac fibro-
blasts were treated with LPS (100 
ng/ml), LPS＋hucMSC-ex (200 μg/ml), 
LPS＋hucMSC-NC-ex (200 μg/ml), or 
LPS＋hucMSC-si-ex (200 μg/ml) for 
24 h. (A) β-catenin expression was 
detected by western blot. (B) Nuclear 
β-catenin levels were also meas-
ured by western blot. (C) β-catenin 
expression as detected by immuno-
fluorescence. Scale bar=100 μm. 
(D) Cardiac fibroblasts were treated 
with LPS (100 ng/ml), LPS＋hucMSC- 
ex (200 μg/ml), LPS＋hucMSC-ex (200 
μg/ml)＋ICG-001 (0, 5, 10, 15 μM)
for 24 h, and then β-catenin levels 
were detected by western blot. (E) 
Cardiac fibroblasts were treated with 
LPS (100 ng/ml), LPS＋hucMSC-ex 
(200 μg/ml), LPS＋hucMSC-ex (200 
μg/ml)＋ICG-001 (5 μM) for 24 h, 
and then Collagen I, Periostin, and 
α-SMA expression were detected 
by western blot.

HucMSC-ex-Galectin-3 promoted the transformation 
of fibroblasts to an anti-inflammatory phenotype
  It has been reported that myofibroblasts have anti-in-
flammatory effects (17-19). Primary fibroblasts were treat-
ed with LPS, LPS＋hucMSC-ex, LPS＋hucMSC-NC-ex, 
or LPS＋hucMSC-si-ex for 24 h. RT-PCR and western 
blot were used to detect the mRNA and protein levels of 
IL-1β, TNF-α, and TGF-β. In the hucMSC-si-ex group, 
IL-1β and TNF-α expression were increased and TGF-
β expression was reduced compared with the hucMSC-ex 
group (Fig. 6A∼E). Therefore, hucMSC-ex-Galectin-3 
promoted the conversion of fibroblasts to an anti-infla-
mmatory phenotype. In vivo, immunohistochemistry was 
used to detect the expression of inflammatory factors. In 
the hucMSC-si-ex group, TGF-β expression was de-
creased, while IL-1β and TNF-α were upregulated (Fig. 
6F).

HucMSC-ex-Galectin-3-mediated 
fibroblast-to-myofibroblast differentiation was 
associated with increased β-catenin expression
  It has been reported that Galectin-3 can stabilize β- 

catenin through a series of steps (7). Therefore, we hy-
pothesized that Galectin-3 derived from hucMSC-ex could 
modulate cardiac fibroblasts by stabilizing β-catenin in 
an inflammatory environment. After primary fibroblasts 
were treated with LPS＋hucMSC-ex for 24 h, β-catenin 
expression was increased in both the cytoplasm and nu-
cleus compared with LPS-only treatment. When treated with 
LPS＋si-ex, the opposite results were found (Fig. 7A∼C). To 
further determine whether hucMSC-ex-Galectin-3-induced 
fibroblast-to-myofibroblast transformation depended on β- 
catenin, ICG-001 has been used. ICG-001, a small mole-
cule inhibitor, was modified onto CREB-binding protein 
(CBP) to block the interaction between CBP and β-cate-
nin, which inhibited transcription of target genes (20). 
When ICG-001 was used, β-catenin expression in fibro-
blasts decreased in a concentration-dependent manner 
(Fig. 7D). Furthermore, decreased α-SMA, Collagen I, 
and Periostin expression was found after treatment with 
the effective inhibitor concentration (5 μM) (Fig. 7E).
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Discussion 

  The ability of bone marrow mesenchymal stem cell exo-
somes to repair myocardial injury has been studied by 
many researchers. The primary mechanisms of this activ-
ity involve reducing apoptosis of myocardial cells, regulat-
ing macrophage activation to reduce inflammation, and 
promoting angiogenesis (21-23). In recent years, hucMSC-ex 
has been considered a new method of facilitating tissue 
repair and regeneration. The protective effects of hucMSC- 
ex on myocardial injury mostly focus on reducing the 
apoptosis of myocardial cells to improve myocardial func-
tion (24, 25). Our previous studies have also shown that 
hucMSC-ex could improve the repair of myocardial in-
jury, attenuate proinflammatory factor secretion, and in-
hibit myocardial apoptosis by promoting the differ-
entiation of cardiac fibroblasts into myofibroblasts in an 
inflammatory environment. As previously discussed, the 
differentiation of fibroblasts into myofibroblasts is a key 
step in the repair of myocardial injury. In the in-
flammatory phase of myocardial damage, myocardial fi-
broblasts are activated to promote inflammation (26, 27). 
To maintain myocardial structure, in the proliferation 
stage, myocardial fibroblasts differentiate into myofibro-
blasts, which can secrete large amounts of extracellular 
matrix and inhibit inflammation (18). In the inflamma-
tory phase, promoting the differentiation of cardiac fibro-
blasts into myofibroblasts could mitigate the inflammatory 
response, weaken the degradation of extracellular matrix, 
reduce the apoptosis of cardiomyocytes, and better main-
tain the original structure of the myocardium. Immedia-
tely repairing damage after myocardial injury may reduce 
the risk of myocardial fibrosis and heart failure.
  The purpose of this study was to determine the key pro-
teins in hucMSC-ex that promoted the differentiation of 
myocardial fibroblasts into myofibroblasts in an in-
flammatory environment and to explore the underlying 
mechanism. Galectin-3 has been reported to play an active 
role in injury repair following myocardial infarction. The 
study by Sharma et al. (28) showed that Galectin-3 could 
transform stationary fibroblasts into myofibroblasts in 
vitro. In vivo, Galectin-3 plays an important role in cardiac 
fibrosis and remodeling. We have also confirmed that 
hucMSC- ex contain Galectin-3 protein. We investigated 
the effect of hucMSC-ex-derived Galectin-3 on the differ-
entiation of fibroblasts into myofibroblasts in vitro and in 
vivo. The results showed that hucMSC-ex-Galectin-3 pro-
moted the expression of proteins related to fibro-
blast-to-myofibroblast differentiation, and stimulated the 
transformation of fibroblasts to an anti-inflammatory 

phenotype.
  The interaction between β-catenin and Galectin-3 has 
been reported in previous studies (29, 30). Galectin-3 can 
bind to β-catenin and directly enter the nucleus to regu-
late the transcription of target genes (15). In an in-
flammatory environment, cardiac fibroblasts were treated 
with hucMSC-ex for 24 h, and the levels of β-catenin in 
total protein and nucleoprotein were up-regulated. This 
phenomenon was reversed in the hucMSC-si-ex group. 
Combined with the results of Fig. 4A, we speculate that 
myofibroblast activation may be related to β-catenin 
expression. ICG-001 is a β-catenin transcriptional in-
hibitor, which inhibited the ability of β-catenin to regu-
late transcription. Cardiac fibroblasts were treated with 
LPS＋hucMSC-ex＋ICG-001 for 24 h, compared with the 
hucMSC-ex group, expression of the myofibroblast activa-
tion-related proteins α-SMA, Collagen I, and Periostin 
were significantly downregulated. These results showed 
that hucMSC-ex-Galectin-3 promoted myocardial fibro-
blast-to-myofibroblast differentiation and increased β

-catenin expression. In the study by Mackinnon et al. (31), 
Galectin-3 extracted from rat alveolar epithelial cells 
stimulated with TGF-β1 increased β-catenin activation 
by inhibiting GSK-3β activity. In primary alveolar epi-
thelial cells, nuclear translocation of β-catenin was in-
hibited by treatment with a Galectin-3 inhibitor, which at-
tenuated pulmonary fibrosis in vivo (31). These results 
showed that Galectin-3 could promote β-catenin nuclear 
translocation, which was consistent with our results.
  Mesenchymal stem cell therapy inevitably faces chal-
lenges such as low survival rate and short resident time. 
Mesenchymal stem cell-derived exosomes are suitable cell 
substitutes. In our previous research, we have determined 
that hucMSC-ex promotes the differentiation of cardiac fi-
broblasts into myofibroblasts, which has cardioprotective 
effects in an inflammatory environment. In this study, we 
found the key protein in hucMSC-ex that promotes fibro-
blast-to-myofibroblast differentiation. Modulating the ex-
pression of key proteins in exosomes could be a method 
of improving treatments for myocardial injury.
  In conclusion, we found that Galectin-3 in hucMSC-ex 
promoted the differentiation of cardiac fibroblasts into 
myofibroblasts in an inflammatory environment, which 
was associated with increased β-catenin levels in fibro-
blasts. This ability of hucMSC-ex may provide a new ther-
apeutic strategy for myocardial injury.
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