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Exosomes derived from human amniotic fluid mesenchymal stem
cells alleviate cardiac fibrosis via enhancing angiogenesis in vivo
and in vitro
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Background: Cardiac fibrosis is a pathological process characterized by excess extracellular matrix (ECM)
deposition and plays a critical role in nearly all types of heart disease. The mechanism of cardiac fibrosis is
still unclear and no effective medication treatment of cardiac fibrosis. Research showed that mesenchymal
stem cell (MSC) derived exosomes may play a critical role in cardiac fibrosis. The effect of human amniotic
fluid MSC (hAFMSC)-derived exosomes (hAFMSCExos) on cardiac fibrosis has remained unclear.
Methods: The hAFMSCExos were extracted using a sequential centrifugation approach. The effects of
hAFMSCExos on angiogenesis were analyzed both in human umbilical vein endothelial cells (HUVECs) after
oxygen and glucose deprivation (OGD) in vitro, and in isoproterenol (ISO) induced-cardiac fibrosis in vivo.
Results: The hAFMSCExos remarkably up-regulate the motility and migration of HUVECs after OGD
compared with phosphate-buffered saline (PBS). Meanwhile, total tube length, total branching points and
total loops were significantly raised in HUVECs after OGD treated with hAFMSCExos. The hAFMSCExos
alleviated the cardiac fibrosis degree tested by hematoxylin-eosin (H&E) and Masson staining. The protein
levels of Collagen I and α-smooth muscle actin (α-SMA) were lower in exosomes group rats than PBS
group. Immunofluorescence suggested that hAFMSCExos can promote the expression of CD31 in the rats.
Meanwhile, the number of regenerated microvessels was significantly enhanced in rats administrated with
exosomes by quantitative analysis of microvessel density. Furthermore, the micro-CT scanning evidenced
that hAFMSCExos promote angiogenesis after cardiac fibrosis. The levels of hypoxia-inducible factor 1 α
(HIF-1α) and vascular endothelial growth factor (VEGF) expression in the left ventricle accepted HUVECs
were higher than PBS treatment at 7 days post-treatment by Western blot analysis.
Conclusions: The hAFMSCExos have proangiogenic effects on endothelial cells and enhanced
angiogenesis in cardiac fibrosis. The hAFMSCExos may be a promising potential treatment strategy for
cardiac fibrosis.
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Introduction
Cardiac fibrosis is a pathological process characterized
as excess extracellular matrix (ECM) deposition and
fibroblasts transdifferentiate into myofibroblasts (1).
Excessive cardiac fibrosis plays a critical role in nearly all
forms of heart disease such as myocardial infarction (MI),
heart failure (HF), atrial fibrillation, hypertensive heart
disease, diabetic cardiomyopathy, and idiopathic dilated
cardiomyopathy (2). The cardiac fibrosis level was found
to be a powerful predictor of death and adverse cardiac
events in HF patients (3,4).
The mechanism of cardiac fibrosis is still unclear. ECM
deposition and cardiac fibroblasts (CFs) transdifferentiation
play a critical role in cardiac fibrosis (5,6). The adult
mammalian heart has a poor regenerative ability; thus, the
damage and loss of numerous cardiomyocytes trigger the
fibroblasts to activate into myofibroblasts and start the
reparative program. Unfortunately, no effective medication
treatment could rescue the fibrotic cardiac tissue, due to the
lack of self-regeneration capability of the cardiomyocyte.
It is urgent to pursue effective therapeutic strategies for
cardiac fibrosis.
Fortunately, more recent evidence showed that exosomes
derived from mesenchymal stem cells (MSCs) have the
potential of effective therapeutic strategies, and exosomes
derived from MSCs were the primarily effective factor of
classical MSC-based therapy (7-10). Meanwhile, exosomes
derived from MSCs showed similar therapeutic effects and
functional properties as MSCs without apparent adverse
effects (11,12). Exosomes are highly contributed to the
cardiac repair and regeneration with the biological antiapoptotic, anti-fibrotic, and pro-angiogenic characteristics
(12-15). Moreover, exosomes treatment has distinctive
advantages: without engraftment requirement, which
reduces concerns for tumorigenesis (16), and their nanoscale
level enhances the penetrability of vessels, barriers and
bio-membranes (17). Collectively, exosomes recapitulate
to a large extent the immensely broad therapeutic effects
previously attributed to MSCs (18).
Reports confirmed that exosomes can enhance cardiac
repair and attenuate the level of cardiac fibrosis (19,20).
Exosomes exert key functions for cell differentiation,
proliferation, cell death, intercellular communication,
angiogenesis, epigenetics, immunomodulation, and gene
regulation (21-23). Exosomes are stable in target tissues
with a long duration and can transmit extracellular signals
molecules intracellularly (21). Human amniotic fluid
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MSCs (hAFMSCs) are isolated from leftover samples
of amniotic fluid, via amniocentesis screening (24) or
cesarean section (25). The research demonstrated that
the hAFMSCs had cardioprotective paracrine potential in
myocardial ischemia/reperfusion injury rats (26).
We hypothesized that hAFMSC-derived exosomes
(hAFMSCExos) have a therapeutic effect on cardiac fibrosis.
To test this hypothesis, we examined the application of
the hAFMSCExos as a regenerative medicine both in
isoproterenol (ISO)-induced rat cardiac fibrosis model and
in human umbilical vein endothelial cells (HUVECs), and
aimed to elucidate the potential regulatory mechanism
of hAFMSCExos on cardiac fibrosis by regulating
angiogenesis. We present the following article in accordance
with the ARRIVE reporting checklist (available at http://
dx.doi.org/10.21037/cdt-20-1032).
Methods
All the experiment processes were showed in Figure S1.
Isolation, cultured and identification hAFMSC
The human amniotic fluid was obtained from healthy
mothers in the cesarean section between 32- and 36-week
gestation without HIV, hepatitis B, and hepatitis C, and the
collection was performed in compliance with the Helsinki
declaration.
HAFMSCs were isolated from amniotic fluid based
on methods as previously described by Tracy et al. (16).
The light microscope was used to evaluate the colonyforming capacity and the sharpness of hAFMSCs. The
differentiation abilities of hAFMSCs were assessed by
cultured with osteogenic, adipogenic, and chondrogenic
differentiation media (hMSC Differentiation BulletKit;
Lonza, USA). Alizarin Red staining, Oil Red O staining, and
Alcian Blue staining were selected to identify differentiated
cells after differentiation culture. The phenotype profile of
hAFMSCs was identified by flow cytometry, and the cell
surface molecular markers including CD29, CD34, CD44,
CD45 and CD105 were tested.
Isolation and identification of hAFMSCExos
Exosomes were prepared using sequential centrifugation
according to methods described previously (27). The
exosomes were isolated from the supernatants of
hAFMSCs using ExoQuick-TC Kit (System Biosciences,
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USA) in accordance with manufacturer’s instructions.
The hAFMSCs were cultured in a conditioned medium
containing 10% exosome-free fetal bovine serum (FBS)
for 48 hours for the preparation of exosomes isolation,
and then the supernatants of hAFMSCs were collected by
initial centrifugation at 3,000 g for 15 minutes to pellet
and remove the cell debris, then followed by sequential
centrifugations at 13,000 g for 30 min, followed by
centrifugation at 100,000 g for 60 min (Himac CS150GXII,
HITACHI, Japan). Then the exosome-enriched fraction was
resuspended in phosphate-buffered saline (PBS). To identify
the hAFMSCExos, exosomes resuspended in 0.1 mL of PBS
was used for a transmission electron microscope and particle
size analysis, and exosomes resuspended in 0.1 mL RIPA
buffer for protein quantification and Western blotting.
0.5×109 exosomes were administered to cultured cells in
vitro and 5×109/40 μL to experiment rats in vivo to evaluate
the function of hAFMSCExos. Besides, the morphologies
of exosomes were observed with a transmission electron
microscope (Hitachi H-7100 microscope; HITACHI,
Japan).
HUVEC lines culture
HUVECs (China Cell Culture Center, Shanghai, China)
were cultured in Roswell Park Memorial Institute (RPMI)
1640 medium (Gibco, USA) with 10% FBS and 100 U/mL
penicillin. All HUVECs were maintained at 37 ℃ with 5%
CO2 in a humidified atmosphere and incubated overnight.
All experiments were performed before passage 7.
Exosomes uptake assay in vitro
Exosomes uptake assay was performed to evaluate whether
HAFMSCExos can be absorbed by HUVECs in vitro and
the heart of rats in vivo. The PKH26 dye (PKH26, Sigma)
can label the lipid membranes of HAFMSCExos with a
red fluorescent. After incubated at 37 ℃ for 30 min, the
PKH26-labeled suspension was centrifuged at 300 g for
15 min, and washed twice with PBS. Then seeded into
culture flasks for incubation for 48 h. Next, HUVEC lines
were incubated with HAFMSCExos which have been
labeled with the red fluorescent dye at 37 ℃ for 3 h. Then
HUVECs were labeled with DAPI (Invitrogen, USA) and
CD31 (Invitrogen, USA) after washed with PBS and fixed
with 4% paraformaldehyde for 15 min lastly. Exosomes
uptake by HUVECs were analyzed by fluorescent signal
analysis with a fluorescence microscope (Leica DMI6000B,
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Germany).
Oxygen and glucose deprivation (OGD) model
The HUVECs were cultured in the glucose-free DMEM
(Gibco) medium with 94% N 2, 1% O2 and 5% CO2 for
4 h at 37 ℃. HUVECs were washed with RPMI 1640,
and recovered in normal culture medium under normoxic
incubation conditions for 12–48 h. Then these HUVECs
subjected to OGD were divided into two groups, including
a control group and exosomes treatment group.
Transwell chamber migration assay
To detect the migration of HUVECs, the transwell
migration assay was analyzed as previously described (28).
In brief, HUVECs were plated into the upper chamber
of the 24-well transwell migration chamber with 8 μm
filter inserts (BD Biosciences, USA). HUVECs with
1×104 cells per well were suspended and plated into the
upper chamber containing a serum-free DMEM medium.
Approximately 500 μL complete medium supplemented
with HAFMSCExos (100 μg/mL) in the exosomes group or
an equal volume of PBS in the PBS group was added to the
lower chamber. After 12 h of incubation for HUVECs, the
non-migrating cells were removed thoroughly with a cotton
swab, and the migrated and invasive cells on the bottom
side of the filter were fixed with 100% methanol for 30 min.
Then cells were stained with 0.1% crystal violet for 20 min.
The number of the migrated HUVECs was quantified in at
least three random fields under an optical microscope at a
×100 magnification (Leica).
Scratch wound migration assay
Scratch wound migration assay was performed to detect
the migration of HUVECs. The scratch wound migration
assay was performed as previously described (28). In brief,
HUVECs were cultured in a 6-well plate in normal growth
media and incubated overnight.
A sterile 200-μL pipette tip was selected to make
scratches. Two parallel scratches were made within the
cell monolayer for each well, and made the cell confluence
reach approximately 90%. The cells were washed with PBS
to remove the floating HUVECs. The adhered HUVECs
were treated with hAFMSCExos (100 μg/mL) or an equal
volume of PBS. After the cell recovered by incubated for
12 h, images of scratch wound migration were visualized
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with a phase-contrast microscope (CKX41; Olympus,
Japan). The quantitative analysis was performed to examine
the migrated area from the border of the scratch was
quantified by using the Image-Pro Plus software (Media
Cybernetics, USA).
Tube formation assay
The effect of hAFMSCExos on HUVECs angiogenesis
in vitro was examined by tube formation assay. The Vitroangiogenesis Assay Tube Formation Kit (Cultrex®, USA)
was used in the tube formation assay. Ninety-six-well
plates were pre-coated with 50 μL Matrigel per well at
2×104 cells/well, and HUVECs were resuspended in the precoated plates, and the. Conditioned medium with exosomes
(100 μg/mL) or PBS was also added to well for incubation
at 37 ℃ for 12 h, capillary-like tube formation was detected
under an inverted microscope (Leica). Quantitative analyses
of the network structure including total branching points,
tube length, and loops were performed using the Image-Pro
Plus software (Media Cybernetics, USA).
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extracted heart tissue was dehydrated in a gradient sucrose
solution (10%, 20%, and 30%).
Exosomes uptake assay in vivo
Exosomes uptake assay was performed to evaluate whether
HAFMSCExos can be absorbed in the heart of rats in vivo.
The PKH26 dye (PKH26, Sigma) The PKH26 dye was
selected to label the lipid membranes with a red fluorescent
as previously described (29). For exosomes uptake assay by
rats’ hearts in vivo, 400 μg PKH26-labeled HAFMSCExos
was injected via the tail vein in healthy adult SD rats.
12 h after the injection of the exosome, all rats were
deeply anesthetized with pentobarbitone intraperitoneal
injection, and perfused transcardially with PBS containing
heparin., and the heart was harvested. The left ventricle was
counterstained with CD31 (Invitrogen, Carlsbad, USA) and
DAPI (R&D). The PKH26-labeled exosomes uptake by
heart tissue was analyzed by fluorescent signal analysis with
a fluorescence microscope (Leica, Solms, Germany).
Hematoxylin-eosin (H&E) and Masson staining

Cardiac fibrosis model establishment, and exosomes
treatment
Healthy adult SD rats (weight 200–300 g) obtained from
the experimental animal center of Central South University
(Changsha, China) were maintained in a constant
temperature and humidity environment under specific
pathogen-free conditions, with 12-hour light/dark cycles
and free access to food and water.
Cardiac fibrosis model rats were established by
subcutaneously injected with ISO (10 mg/kg) per day for
2 weeks. ISO-induced cardiac fibrosis rats were divided
into two groups, eight in each group. Rats were injected
with 100 μg (100 μL) HAFMSCExos via the tail vein.
In exosomes treatment group rats. Meanwhile, the same
volume of PBS was given to rats in the control group (PBS).
The exosomes or PBS injection was performed after the last
ISO injection, and the injection lasts for 7 days.
The tissue of the heart was harvested 7 days after
the exosomes or PBS treatment. All rats were deeply
anesthetized with chloral hydrate intraperitoneal injection
and perfused transcardially with PBS containing heparin.
Then, 4% of paraformaldehyde was used to fix the brain
tissues at 4 ℃, pH 7.4. Hearts were removed from the
body and postfixed in 4% paraformaldehyde for 24 h. The
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The left ventricles of the rat hearts were fixed in 4%
paraformaldehyde and embedded in paraffin for H&E and
Masson staining. The hearts were fixed for 24 h in 4%
paraformaldehyde, then the tissue blocks of heart were
dehydrated, embedded in paraffin. Finally, the left ventricles
of hearts were cut into 4-μm-thick slices for staining. The
prepared slices of heart were heated overnight at 37 ℃, then
dewaxed, and stained with H&E and Masson trichrome
according to the standard procedures.
Immunofluorescence staining
The tissue from the left ventricle was sectioned transversely
into 20 μm thickness serial sections after fixation and
dehydration. Tissue from the left ventricle sections was
mounted on glass slides for staining, and half of the sections
were blocked with 5% BSA in 1% PBS at room temperature
for an hour. The sections were incubated overnight at
4 ℃ with primary antibodies (CD31, PCNA, 1:100 R&D).
Then, the corresponding secondary antibodies and DAPI
(Abcam, 1:500) were incubated for 1 h at room temperature.
The nuclei in the left ventricle were counterstained with
DAPI, and images were observed by using a fluorescence
microscope (Olympus).

Cardiovasc Diagn Ther 2021;11(2):348-361 | http://dx.doi.org/10.21037/cdt-20-1032

352

Hu et al. Exosomes alleviate cardiac fibrosis via enhancing angiogenesis

Western blot analysis
The expression level of target proteins in the left ventricle
of rats 14 days after treatment with exosomes or PBS
was quantified by Western blotting. The target protein
included hypoxia-inducible factor 1 α (HIF-1α) and vascular
endothelial growth factor (VEGF). Rats were sacrificed
by intraperitoneal injection of pentobarbitone. Western
blotting was performed as previously reported (30).
Radio immunoprecipitation assay (RIPA) lysis buffer
supplemented with a protease inhibitor cocktail was selected
to homogenize the left ventricle tissue. After centrifugation
at 12,000 rpm for 10 min at 4 ℃, the soluble protein was
obtained. Collected the supernatant, and bicinchoninic
acid (BCA) protein assay (Beyotime, China) was selected
to detect the protein concentration. For immunoblotting,
proteins from ventricle lysates containing equal 50 μg
of protein were loaded in 10% sodium dodecyl sulfatepolyacrylamide gel electrophoresis (SDS-PAGE) and then
blotted onto polyvinylidene fluoride (PVDF) membranes
(Merck Millipore, USA). Membranes were blocked in
5% non-fat milk dissolved in PBS at room temperature
for an hour. Subsequently, membranes were incubated
with primary antibodies HIF-1α (1:1,000, Abcam) and
VEGF (1:1,000, Abcam) overnight at 4 ℃. glyceraldehyde
3-phosphate dehydrogenase (GAPDH) was used as an
internal control to demonstrate equal protein loading.
Subsequently, the membrane was washed three times
with TBS-T. Membranes were incubated with horseradish
peroxidase (HRP)-conjugated secondary IgG antibodies
(1:20,000, Jackson ImmunoResearch, USA) for 1 h at room
temperature. Followed by five TBS-T washes and one final
TBS wash, and thereafter they were visualized by enhanced
chemiluminescence plus system (Merck Millipore, USA).
All samples were performed in duplicate. The software
of Image Lab 3.0 system (Bio-Rad, USA) was used for
quantification the densities of bands. Densitometry analysis
was carried out using ImageJ.
Microvascular imaging using micro-CT
The microvascular imaging of the heart was assessed using
micro-CT for the rats 28 days after the exosomes or PBS
treatment. The micro-CT scanning was performed as
described previously (31). The rats were anesthetized with
10% chloral hydrate (0.3 mL/kg) injected intraperitoneally.
The heart was exposed after thoracotomy rapidly and
perfused heparinized saline to drain out the blood via the
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ascending aorta. 10% buffered formalin and the component
contrast agents (Microfil MV-122, Flow-Tech, CA, USA)
were perfused for vessel network fixation. The hearts of the
rat were harvested and fixed in 10% formalin solution for
24 h at 4 ℃. Then the samples were scanned by a micro-CT
apparatus (Explore Locus SP, GE Healthcare, USA).
Statistical analysis
Statistical analyses were performed using the SPSS 22.0
software (IBM Corp., USA), with data presented as the
mean ± standard deviation (SD) of three replicates. The
Shapiro-Wilk test was selected to examine the distribution
of the data. Statistical comparisons between two groups
were analyzed by unpaired Student’s t-test. P<0.05 was
considered to indicate a statistically significant difference.
Ethical Statement
The study was conducted in accordance with the
Declaration of Helsinki (as revised in 2013). The study
was approved by the Committee on the Ethics of Xiangya
Hospital, Central South University (No. 202004085) and
informed consent was taken from all the patients.
Experiments were performed under a project license
(No. 2020sydw0096) granted by the Committee on the
Ethics of Animal Experiments of Central South University,
in compliance with Central South University institutional
guidelines for the care and use of animals.
Results
Characterization of hAFMSCExos
Human amniotic fluid was obtained from healthy mothers
between 32- and 36-week gestation without HIV, hepatitis
B and hepatitis C following informed consent. The
Primary hAFMSCs were isolated and purified from the
human amniotic fluid successfully. The hAFMSCs had
a defined spindle-shaped fibroblastic morphology under
a light microscope (Figure 1A). The multipotent nature
of hAFMSCs was confirmed by adipocyte, osteoblast,
or chondroblast differentiation after corresponding
differentiation media culture (Figure 1B,C,D). Flow
cytometric analysis was performed to characterize the
phenotype of hAFMSCs, and isolated hAFMSCs positively
expressed CD29, CD44, and CD105 and negatively
expressed CD34 and CD45 (Figure 1E).
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Figure 1 Characterization of hAFMSCExos. (A) The morphology of hAFMSCs under a light microscope; scale bar: 300 μm. (B,C,D) The
multipotent nature of hAFMSCs was confirmed by adipocyte, osteoblast, or chondroblast differentiation after corresponding differentiation
media culture, and Alizarin Red staining (B), Alcian Blue staining (C), and Oil Red O staining (D) were tested respectively; scale bar:
100 μm. (E) Characterize the phenotype of hAFMSCs by flow cytometric analysis. (F) The morphology of hAFMSCExos under electron
microscopy; the arrow indicated the hAFMSCExos; scale bar: 100 nm. (G) The particle size distribution of the hAFMSCExos by
nanoparticle tracking analysis. (H) Traditional exosomal markers, CD9 and CD63 were tested by Western blot in the hAFMSCExos.
hAFMSCExos, human amniotic fluid mesenchymal stem cell-derived exosomes; hAFMSCs, human amniotic fluid mesenchymal stem cells.

The exosomes were isolated and purified from
hAFMSCs using a standard protocol described previously.
Electron microscopy analysis revealed exosomes were
typical spheroids or cup-shaped particles with diameters
of 30 to 100 nm in isolated fractions (Figure 1F).
Nanoparticle tracking analysis confirmed that the particle
size of the hAFMSCExos mainly ranged from 30 to
100 nm (Figure 1G). Furthermore, Western blot showed
that CD9 and CD63 were expressed in the hAFMSCExos
(Figure 1H).
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HAFMSCExos promote migration, tube formation of
HUVECs after OGD in vitro
Fluorescence microscopy showed that PKH26-labeled
exosomes were taken up into HUVECs (Figure 2A).
The transwell assays (Figure 2B,C) and scratch wound
healing assay (Figure 2D,E) indicated that hAFMSCExos
remarkably enhance the motility and migration of HUVECs
compared with the PBS. Meanwhile, tube formation assay
(Figure 2F,G) indicated that the hAFMSCExos have more
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Figure 2 The hAFMSCExos promoted migration and tube formation of HUVECs after OGD in vitro. (A) HUVECs uptaken
PKH26-labeled hAFMSCExo by fluorescence microscopy analysis; scale bar: 100 μm. (B,C) The migration of HUVECs stimulated by
hAFMSCExos or PBS after OGD was analyzed by transwell assay; scale bar: 100 μm; *, P<0.05. (D,E) The migration of HUVECs treated
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capillary-like structures compared with PBS group.
Besides, quantification of total tube length, total branching
points and total loops were significantly raised in HUVECs
treated with hAFMSCExos. As evidenced by these above
assays, our research suggests that hAFMSCExos could
enhance proangiogenic effects on HUVEC endothelial
cells.
The hAFMSCExos promote angiogenesis after ISO
induced cardiac fibrosis in rats from two-dimensional (2D)
to three-dimensional (3D)
All rats were accepted the treatment as the experiment
protocol. HAFMSCExos were labeled with PKH26 dye,
and immunofluorescence showed that exosomes were
uptaken (Figure 3A). H&E and Masson staining showed
that the difference of cardiac fibrosis degree in Exosome
and PBS groups, and staining suggested the exosomes
relieve the ECM deposition in ISO-induced cardiac fibrosis
than PBS (Figure 3B). The protein levels of Collagen I
and α-SMA were lower in exosomes group rats than the
PBS group (P<0.001 and P<0.005, respectively, Figure
3C,D). Immunofluorescence was also selected to evaluate
the vascular regeneration information after treatment
with exosomes or PBS. CD31 staining analysis was used
to detect angiogenesis at 7 days after exosomes or PBS
treatment, and results suggested that hAFMSCExos can
promote the expression of CD31 in the rats (Figure 3E).
Meanwhile, the number of regenerated microvessels was
significantly enhanced in rats administrated with exosomes
by quantitative analysis of microvessel density (Figure 3F).
Furthermore, the micro-CT scanning was performed to test
the 3D microvascular networks at 7 days after exosomes or
PBS treatment post-MI (Figure 3G). The 3D microvascular
reconstruction networks evidenced that hAFMSCExos
promote angiogenesis after cardiac fibrosis.
The hAFMSCExos enhanced the expressions of HIF-1α
and VEGF after ISO induced cardiac fibrosis rats
The protein levels of HIF-1α and VEGF expression in the
left ventricle accepted hAFMSCExos were higher than PBS
treatment at 7 days post-treatment by Western blot analysis
(Figure 4A,B).
Discussion
In the present study, we demonstrated that hAFMSCExos
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promoted tube formation, migration, angiogenesis
of HUVECs after OGD, alleviated ECM deposition,
promoted angiogenesis and further accompanied by
enhanced the expression levels of HIF-1α and VEGF in
ISO induced cardiac fibrosis rats.
Cardiac fibrosis is a pathological process mainly
characterized as excess ECM deposition (1), is contributing
to the presence and development in nearly all types of
heart disease (2), has been a powerful predictor of death
and adverse cardiac events in HF patients (3,4). ECM
deposition and CFs transdifferentiation play a critical
role in cardiac fibrosis. Both the quality and quantity of
the ECM composition were dramatically changed during
cardiac fibrosis, which may impair the heart physically and
electrically, vastly reducing cardiac function. Meanwhile,
myofibroblast, as a secretory and contractile cell, can not
only synthesize collagen fibers, but also have contraction
function, express excessive ECM protein, protease, vimentin,
desmin, myosin, and α-smooth muscle actin (α-SMA) (32).
Moreover, myofibroblasts are factories of ECM protein
production (33). Myofibroblasts produce excessive ECM
proteins leading to the expansion of cardiac interstitium
during the repair of damaged cardiomyocytes (34).
Cardiac fibrosis was significantly attributed to activation
and excessive proliferation of CFs (5,6).
The adult mammalian heart has a poor regenerative
ability; thus, the damage and loss of numerous
cardiomyocytes trigger the fibroblasts to activate
into myofibroblasts and start the reparative program.
Unfortunately, no effective medication treatment could
rescue the fibrotic cardiac tissue, due to the lack of selfregeneration capability of the cardiomyocyte. It is urgent to
pursue effective therapeutic strategies for cardiac fibrosis.
Recent literature has shown that extracellular vesicles (EVs),
especially exosomes may also modify cardiac repair and the
fate of fibrosis in cardiac fibrosis (19,20).
MSCs are a promising therapeutic candidate in cellbased therapy in cardiac fibrosis treatment contribute
to the advantages of inflammatory response alleviation,
myocardial perfusion improvement, cardiomyocyte
apoptosis prevention, and angiogenesis promotion (35-37).
Research indicated that exosomes were the initiating agent
of the therapeutic effect of MSCs (7-10). Exosomes as
nanometer-sized (40–100 nm diameter) vesicles, play a
critical role in intercellular communication. Exosomes have
been frequently investigated in pathophysiological processes
including cardiovascular diseases (38,39). Exosomes were
regarded as an important regulatory factor in cardiovascular
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Figure 3 The hAFMSCs-Exos promote angiogenesis after ISO-induced cardiac fibrosis in rats. (A) PKH26-labeled hAFMSCs-Exos were
uptaken by vascular endothelium cell after ISO-induced cardiac fibrosis in rats; scale bar: 20 μm. (B) The levels of cardiac fibrosis in rats
treated with hAFMSCExos or PBS by H&E and Masson staining; scale bar:100 μm. (C) The protein levels of Collagen I and α-SMA in
rats treated with hAFMSCExos or PBS by Western blot. (D) Quantitative analysis of the protein levels of Collagen I and α-SMA in rats
treated with hAFMSCExos or PBS by Western blot. #, P<0.005 vs. PBS group; ##, P<0.001 vs. PBS group. (E) Representative images of
PCNA-positive (red) and CD31 positive (green) cells in the left ventricle in rats treated with hAFMSCExos or PBS; scale bar: 20 μm. (F)
Quantitative analysis of CD31 positive cells in the left ventricle in rats treated with hAFMSCExos or PBS. *, P<0.05 vs. PBS (control) group
(G) Microvascular regeneration 14 days post-treatment with hAFMSCExos or PBS. hAFMSCExos, human amniotic fluid mesenchymal
stem cell-derived exosomes; PBS, phosphate-buffered saline; H&E, hematoxylin-eosin.

disease including cardiomyocyte hypertrophy, MI,
apoptosis, cardiac fibrosis, ischemia, and angiogenesis
(40,41). The effect of exosomes in anti-apoptotic, antifibrotic, and pro-angiogenic roles enhanced cardiac repair
and cardiomyocyte regeneration (12-15).
Exosome shows great promise in cardiovascular disease
treatment because of its high biocompatibility and low
immunogenicity, its ability mainly consisted of enhance
angiogenesis, alleviate cardiomyocyte apoptosis, and antcardiac fibrosis (42). Exosomes may act as a potential
biomarker and therapeutic agent in cardiac fibrosis.
Exosomes exert great potential in anti-cardiac fibrosis in
several pieces of research. The research suggested that
TIMP2-modified human umbilical cord MSC-derived
exosomes ameliorate MI injury, alleviate myocardial
apoptosis and anti-cardiac fibrosis (43). Research indicated
that exosomes show great promise in reduce myocardial
fibrosis (42). Meanwhile, exosomes have anti-apoptosis,
anti-fibrosis, and angiogenesis effects on infracted
cardiomyocytes and may be novel targets for treating MI
(13-15). Our research demonstrated that hAFMSCExos
alleviated the degree of ISO-induced cardiac fibrosis.
Moreover, exosomes can offer effective therapeutic effects
without engraftment requirement, which reduces concerns
for tumorigenesis (16).
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Current research successfully obtained and isolated
hAFMSCExos from leftover samples of amniotic fluid
cesarean section (25). Recent research showed that
hAFMSCs can provide higher exosomes productivity
than bone marrow MSCs with similar morphology and
biological characteristics (16). Moreover, HAFMSCs exhibit
inordinately high self-renewal and can be industrialized
more easily than other MSCs (29,44). The human amniotic
fluid is easy to obtain without ethical concerns.
A recent study has demonstrated that hAFMSCExos had
more paracrine factors, including VEGF and TGF-β1, and
secretes enhanced the proliferation and migration of human
dermal fibroblasts both in vitro and in vivo (45). Our current
research indicated that hAFMSCExos not only alleviated
cardiac fibrosis but also enhanced the number of CD31immunoreactive cells and the level of HIF-1α expression in
ISO-induced rats’ hearts. We also found that hAFMSCExos
promoted tube formation, migration, angiogenesis of
HUVECs in vivo.
Angiogenesis, which plays a critical role in the ischemic
microenvironment recovery, highly count on the migration
and proliferation of vascular endothelial cells. The
research reported that human umbilical cord MSC-derived
exosomes (46), bone marrow MSC-derived exosomes (47),
and cardiac MSC-derived exosomes (48) accelerated
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Figure 4 The expressions of HIF-1α and VEGF in the left ventricle after accepted hAFMSCExos or PBS treatment. (A) The levels of HIF1α and VEGF expression in the left ventricle after accepted hAFMSCExos or PBS treatment by Western blot analysis. (B) Quantitative
analysis showed that the expressions of HIF-1α and VEGF in the left ventricle after accepted hAFMSCExos or PBS treatment by Western
blot analysis. #, P<0.005 vs. PBS group; ##, P<0.001 vs. PBS group. HIF-1α, hypoxia-inducible factor 1 α; VEGF, vascular endothelial growth
factor; hAFMSCExos, human amniotic fluid mesenchymal stem cell-derived exosomes; PBS, phosphate-buffered saline.

angiogenesis. Another research demonstrated that TIMP2modified human umbilical cord MSC-derived exosomes
increased CD31-immunoreactive cells expression which
indicated the angiogenesis in the myocardium of MI rats,
meanwhile it promoted the migration, proliferation, and
tube forming ability of HUVECs in vitro (43).
Research has confirmed that angiogenesis by HIF-1α
plays a critical role in anti-cardiac fibrosis. HIF-1α has
been taken as the most important transcriptional regulator
in response to hypoxia (49). Current studies reported that
HIF-1α directly regulates the expression of genes involved
in angiogenesis (42,50-52), which including VEGF,
platelet-derived growth factor (PDGF), and angiopoietin 1
(Ang-1) (53). The research demonstrated HIF-1αoverexpressed exosomes had a cardioprotective effect on
MI rat via enhanced angiogenesis and reduced fibrosis,
there were promotional effects on proliferation, migration,
and tube forming ability on HUVECs (54). Evidence has
elucidated that HIF-1α regulated the expression of VEGF
at the transcription level (55). Moreover, evidence indicated
that increased capillary density induced by HIF-α was as
well as VEGF expression in peri-infarct and infarct regions
of MI heart (55,56).
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Supplementary

Figure S1 Process of experiments. ISO, isoproterenol; PBS, phosphate-buffered saline; H&E, hematoxylin-eosin; α-SMA, α-smooth muscle
actin; HIF-1α, hypoxia-inducible factor 1 α; VEGF, vascular endothelial growth factor; HUVEC, human umbilical vein endothelial cells;
OGD, oxygen and glucose deprivation.
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