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Abstract
Heart failure (HF) represents a main global healthy and economic burden with unacceptably high morbidity and mortality 
rates. In the current study, we evaluated the potential effect of mesenchymal stem cell (MSC)-derived exosomes (MSC-Exos) 
on oxygen–glucose deprivation (OGD)-induced damages to HL-1 cells and HF mice and searched for the possible mecha-
nism. MSC-Exos ameliorated oxidative stress and reduced apoptosis in OGD-treated HL-1 cells. By microarray analysis, we 
found that MSC-Exos treatment significantly increased the microRNA (miR)-129-5p expression in HL-1 cells. miR-129-5p 
inhibitor attenuated the protective effect of MSC-Exos on OGD-treated HL-1 cells. miR-129-5p targeted tumor necrosis factor 
receptor–associated factor 3 (TRAF3), and TRAF3 loss reversed the effect of miR-129-5p inhibitor by blunting the NF-κB 
signaling. MSC-Exos injection alleviated ventricular dysfunction and suppressed oxidative stress, apoptosis, inflammation, 
and fibrosis in cardiomyocytes in mice with HF by inhibiting NF-κB signaling pathway through miR-129-5p/TRAF3. Our 
findings suggest that exosomal miR-129-5p from MSCs protects the heart from failure by targeting TRAF3 and the following 
NF-κB signaling. This regulatory axis may be a possible therapeutic target for HF.
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Introduction

Heart failure (HF) is a major and expensive public health 
problem, requiring numerous office visits and hospitaliza-
tions in all countries of the world [1]. The most common 

trigger for HF is reduced left ventricular (LV) myocardial 
function; however, dysfunction of the myocardium, heart 
valves, or great vessels alone or in combination is also 
related to the onset and development of HF [2]. It presents 
as a multifactorial and systemic disease, during which struc-
tural, cellular, and molecular mechanisms are activated 
and function as a network after cardiac injury to maintain 
physiological functioning [3]. For one of them, when reac-
tive oxygen species generation exceeds the ability of the 
antioxidant defense mechanisms to buffer them, oxidative 
stress develops, eventually resulting in HF [4]. Therefore, 
effectively combating oxidative stress is an important task 
for overcoming HF.

Mesenchymal stem cells (MSCs), multipotent stem cells 
that exist in multiple organs, such as bone marrow, adipose 
tissue, skeletal muscles, and dental pulp, have the capacity 
to differentiate into different cell types [5]. Due to several 
unique properties, MSCs may be more effective than other 
cell systems for diseases that are difficult to treat or untreat-
able [6]. Exosomes, spherical bilayer membrane vesicles, 
perform a wide range of biological activities, including 
inflammation induction, oxidative stress, and apoptosis, 
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due to their cargos, including proteins, nucleic acids, lipids, 
and microRNAs (miRNAs) [7]. MSC-derived exosomes 
(MSC-Exos) have been proposed as an attractive therapeu-
tic approach to improve cardiac function, and optimized 
exosomes can be developed via various engineering methods 
such as miRNA loading to improve the therapeutic effects 
of exosomes [8]. Here, we identified miR-129-5p as the 
most significantly upregulated miRNA in oxygen–glucose 
deprivation (OGD)-challenged HL-1 cells co-cultured with 
extracted MSC-Exos versus OGD-induced cells treated with 
phosphate-buffered saline (PBS). It was thus suggested that 
miR-129-5p was delivered by MSC-Exos to HL-1 cells. Sim-
ilarly, exosomes containing miR-129-5p were found to be 
significantly more easily absorbed by colon cancer cells [9]. 
Interestingly, Kaplan–Meier and multivariate Cox regression 
analyses in a recent study suggested that high miR-129-5p 
expression was able to predict overall survival of patients 
with chronic HF, indicating its potential as a novel non-inva-
sive biomarker for the diagnosis and prognosis of HF [10]. 
Moreover, miR-129-5p mimic effectively suppressed angi-
otensin II-induced cardiomyocyte hypertrophic responses 
and oxidative stress [11]. Therefore, we postulated that the 
alleviating role of MSC-Exos in HF is elicited through the 
delivery of miR-129-5p. To explore this possibility, in this 
paper, we applied MSC-Exos to treat a mouse model with 
HF and mouse cardiomyocytes HL-1 following OGD.

Materials and Methods

Cell Culture and Transfection

Mouse bone marrow MSCs (CP-M131) were cultured using 
mouse bone marrow MSC complete medium (CM-M131). 
Mouse cardiomyocytes HL-1 (CL-0605) were cultured using 
HL-1 cell-specific medium (CM-0605). Both cell lines were 
grown to be adherent and fibroblast like in a culture environ-
ment of 37 °C and 5% CO2. These cells and culture media 
were purchased from Procell (Wuhan, Hubei, China).

miR-129-5p inhibitor, small interfering RNA (si)-TRAF3, 
and negative controls (inhibitor NC and si-NC) were 
designed by Shanghai GenePharma Co., Ltd. (Shanghai, 
China). The constructed miR-129-5p inhibitor, si-TRAF3, 
and controls were transfected or co-transfected into well-
grown cells using the Lipofectamine 2000 transfection kit 
(11,668,019, Thermo Fisher Scientific Inc., Waltham, MA, 
USA) according to the instructions. After 12 h of trans-
fection, the medium was replaced with fresh medium and 
incubated for another 24 h. The cells were harvested for 
subsequent experiments.

HL-1 cells were washed with PBS when they reached an 
80% confluence, and the cell model of HF was constructed 
by  OGD treatment. The cells were placed in an anaerobic 

incubator with saturated humidity at 37 °C and cultured in 
serum-free medium in the presence of 95% N2 and 5% CO2 
for 6 h, followed by growth in HL-1 cell-specific medium at 
37 °C and 5% CO2 for 12 h, as the OGD group. The cells in 
the control group were treated normally.

Isolation and Characterization of MSCs

When the MSCs at passage three grew to an 80–90% conflu-
ence, they were dissociated with trypsin and filtered through 
a 100-µm cell filter. Subsequently, MSCs were resuspended 
in pre-chilled 1 × PBS buffer and incubated with allophyco-
cyanin-coupled monoclonal antibodies to CD44 (103,011, 
1:100, BioLegend, San Diego, CA, USA), CD29 (102,215, 
1:50, BioLegend), CD34 (128,611, 1:200, BioLegend), and 
CD45 (103,111, 1:100, BioLegend) or with isotype control 
IgG (ab232814, 1:200, Abcam, Cambridge, UK). Surface 
antigens were analyzed using a Guava easyCyte™ flow 
cytometer (Millipore, Billerica, MA, USA), and graphs 
were generated by Flow-Jo software (Tree Star Inc., Ash-
land, Oregon, USA).

Isolation and Characterization of MSC‑Exos

Exos were removed from the MSCs medium by ultracen-
trifugation at 100,000×g, and MSCs were incubated with 
Exo-free medium for 2 day. The medium supernatant was 
then centrifuged at 300×g for 10 min, 2000×g for 10 min, 
and 10,000×g for 0.5 h at 4 °C to remove residual cells 
and cell debris. The supernatant was then collected and 
subjected to ultracentrifugation at 100,000×g for 70 min. 
Transmission electron microscopy (BD Biosciences, San 
Diego, CA, USA) was applied to observe the morphology of 
MSC-Exos, and Western blot was applied to identify MSC-
Exo surface marker antigens, including CD81 and TSG101. 
The protein content of MSC-Exos was determined using the 
bicinchoninic acid assay (BCA) protein assay kit (Solarbio, 
Beijing, China). The MSC-Exos were stored at − 80 °C for 
subsequent experiments.

Exosome Uptake Assay

After thawing, the isolated MSC-Exos were labeled using a 
PKH67 Cell Linker Kit for General Cell Membrane Labe-
ling (MX4023, Shanghai Maokang Biotechnology Co., Ltd., 
Shanghai, China). The labeled MSC-Exos were subsequently 
resuspended in Dulbecco’s modified Eagle medium (31,600, 
Solarbio). Labeled exosomes were then co-cultured with 
1 × 105 HL-1 cells (80–90% confluence) seeded in 24-well 
culture dishes. After 24 h of incubation, internalization was 
observed by a fluorescence microscope (Eclipse TE2000-U, 
Nikon Instruments Inc., Melville, NY, USA).



633Cardiovascular Toxicology (2022) 22:631–645	

1 3

Enzyme‑Linked Immunosorbent Assay (ELISA)

Cell supernatants and myocardial tissue homogenates were 
collected for analysis of lactate dehydrogenase (LDH, A020-
1–2, Nanjing JianCheng Bioengineering Institute, Nanjing, 
Jiangsu, China), superoxide dismutase (SOD, A001-3–2, 
JianCheng), malondialdehyde (MDA, K454, BioVision, 
Inc., Exton, PA, USA), and glutathione peroxidase (GSH-
Px, K464, BioVision) according to the manufacturer's 
instructions.

Flow Cytometry

Apoptosis rates of HL-1 cells were measured by flow cytom-
etry using the Annexin V-fluorescein isothiocyanate (FITC) 
and propidium iodide (PI) apoptosis assay kits (A10788, 
Invitrogen Inc., Carlsbad, CA, USA). Briefly, logarithmic 
growth phase cells were taken, and the cell concentration 
was adjusted to 2 × 106 cells/mL by adding PBS contain-
ing 10% calf serum. The cell suspension (200 μL) was 
washed with 1 mL cold PBS and centrifuged at 1000 rpm 
for 10 min at 4 °C. The cells were resuspended in 200 μL 
labeling buffer, incubated with 10 µL Annexin V-FITC, and 
5 µL PI for 15 min at room temperature in the dark and 
loaded onto a flow cytometry (Beckman Coulter, Fullerton, 
CA, USA). The data analysis was conducted using FlowJo 
software (Tree Star).

Microarray Analysis

Microarray analysis was performed using an Agilent Mouse 
miRNA array 21.0 (8 × 60 K) (Agilent Technologies, Santa 
Clara, CA, USA) to detect the effect of MSC-Exos treat-
ment on miRNA expression in HL-1 cells (n = 3). Sample 
labeling, microarray hybridization, and washing were con-
ducted following the manufacturer’s instructions. Microar-
ray data were analyzed using the miRNA 4.0 platform from 
Affymetrix (Santa Clara, CA, USA), and genes with ≥ 2-fold 
changes were considered to be genes with differential 
expression.

Reverse Transcription‑Quantitative Polymerase 
Chain Reaction (RT‑qPCR)

Total RNA was isolated from the cells using TRIzol reagent 
(15,596,026, Invitrogen). The purity of RNA was subse-
quently detected by UV–Vis spectrophotometer UV5 (Met-
tler Toledo, Shanghai, China) (purity requirement: 1.9–2.1 
for OD260/280). The extracted RNA was then reverse tran-
scribed to cDNA using the Prime Script™ RT kit (RR036Q, 
Takara, Dalian, Liaoning, China). In addition, for miRNA, 
reverse transcription was performed using the miRNA 
Reverse Transcription Kit (638,315, Takara). RT-qPCR was 

performed on an ABI 7500 Fast PCR System (Carlsbad, CA, 
USA) using 25 μL SYBR® Green Real-time PCR Master 
Mix (Toyobo Life Science, Shanghai, China) containing 
cDNA 5 μL (50 ng), distilled water 16 μL, forward prim-
ers 2 μL, and reverse primers 2 μL. PCR program was set 
as follows: pre-denaturation: 95 °C for 15 s, denaturation: 
95 °C for 15 s, annealing/extension: 72 °C 45 s, and repeated 
denaturation and annealing for 40 cycles. The 2−ΔΔCt method 
was used to calculate relative expression. miRNA expression 
was normalized to U6 snRNA, and mRNA expression was 
normalized to glyceraldehyde-3-phosphate dehydrogenase 
(GAPDH). The primer sequences in the current study are 
listed in Table 1.

Western Blot

Total proteins were extracted from cells or tissues with radi-
oimmunoprecipitation assay lysis buffer (P0013E, Beyotime, 

Table 1   Primer sequences for RT-qPCR

miR-129-5p microRNA-129-5p, TRAF3 tumor necrosis factor recep-
tor–associated factor 3, BRPF3 bromodomain and PHD finger con-
taining 3, KLF7 kruppel like factor 7, ERBB4 erb-B2 receptor tyros-
ine kinase 4, PTPN4 protein tyrosine phosphatase non-receptor type 
4, ACTR3 actin related protein 3, GAPDH glyceraldehyde-3-phos-
phate dehydrogenase, F forward, R reverse

Name of primer Sequences (5′-3′)

miR-129-5p-F (NC_000068.8) TGC​TTT​TTG​GGG​TAA​GGG​CT
miR-129-5p-R CGC​GAA​TCT​TTT​TGC​GGT​CT
TRAF3-F (NM_001286122) GTG​AAC​CTG​CTG​AAG​GAG​

TGGA​
TRAF3-R TTC​GGA​GCA​TCT​CCT​TCT​GCCT​
BRPF3-F (NM_001081315) CTC​ATC​CGC​AAA​AGG​GAG​

AAGC​
BRPF3-R TCC​AGA​GTC​GTC​CTC​AAC​AGGA​
KLF7-F (BC004700) GGA​AGG​ATG​CGA​GTG​GCG​TTTT​
KLF7-R CGC​AAG​ATG​GTC​AGA​CCT​

GGAG​
ERBB4-F (NM_010154) CAA​AGC​CAA​CGT​GGA​GTT​

CATGG​
ERBB4-R CTG​CGT​AAC​CAA​CTG​GAT​

AGTGG​
PTPN4-F (NM_019933) TCG​TGC​TCC​TAG​TCC​GAC​CTAA​
PTPN4-R CTA​GCT​GGA​TCA​TTG​ACT​CCCG​
ACTR3-F (BC005557) CAG​GCT​GAA​GTT​AAG​CGA​

GGAG​
ACTR3-R CCT​CCA​AAC​CAG​ACT​GCA​TACC​
GAPDH-F (NM_008084) CAT​CAC​TGC​CAC​CCA​GAA​

GACTG​
GAPDH-R ATG​CCA​GTG​AGC​TTC​CCG​

TTCAG​
U6-F (XR_004940589) CTC​GCT​TCG​GCA​GCA​CAT​

ATACT​
U6-R ACG​CTT​CAC​GAA​TTT​GCG​TGTC​
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Shanghai, China) on ice. Protein concentrations were deter-
mined using a BCA protein assay kit (Solarbio). Proteins 
were separated by 10% SDS-PAGE and then transferred 
to polyvinylidene fluoride membranes (Millipore). After 
being sealed with 5% bovine serum albumin (Gibco, Carls-
bad, CA, USA), the membranes were incubated overnight 
at 4 °C with the primary antibody and treated with horse-
radish peroxidase-labeled secondary antibody IgG (1:5000, 
ab6721, Abcam) for 2 h at room temperature. Protein bands 
were visualized with the aid of an enhanced chemilumines-
cence fluorescence test kit (Abcam), and relative protein 
expression was measured by using Quantity One software 
(Bio-Rad) with GAPDH as an internal reference. The pri-
mary antibodies were as follows: CD81 (1:2000, ab109201, 
Abcam), TSG101 (1:1000, GTX118736, GeneTex, Inc., 
Alton Pkwy Irvine, CA, USA), cleaved-caspase-3 (1:2000, 
ab214430, Abcam), Bax (1:2000, GTX109683, GeneTex), 
Bcl2 (1:1000, #3498 T, Cell Signaling Technologies, Bev-
erly, MA, USA), p-IκBα (1:1000, #2859S, Cell Signaling 
Technologies), IκBα (1:1000, #9242S, Cell Signaling Tech-
nologies), p-p65 (1:1000, ab76302, Abcam), p65 (1:2000, 
ab16502, Abcam), CTGF (1:1000, GTX124232, GeneTex), 
and GAPDH (1:10,000, ab181602, Abcam).

Dual‑Luciferase Assay

A potential binding site for TRAF3 to miR-129-5p was 
obtained from StarBase (http://​starb​ase.​sysu.​edu.​cn/). 
The amplified TRAF3 mutant (MUT) sequence and wild 
sequence (WT) fragment were cloned into pmirGLO lucif-
erase vector (E1330, Promega, Madison, WI, USA) to 
construct TRAF3-WT or TRAF3-MUT luciferase vector. 
TRAF3-WT or TRAF3-MUT was co-transfected with miR-
129-5p mimic or mimic NC into HL-1 cells, respectively. 
After 48 h of incubation, luciferase activity was measured 
by a dual-luciferase reporter system (Promega). The relative 
luciferase activity was calculated as the ratio between the 
firefly and renilla luciferase activity.

RNA Immunoprecipitation (RIP) Assay

RIP assays were performed using the Bersin BIO RIP kit 
(BersinBio, Guangzhou, Guangdong, China) according 
to the manufacturer’s protocol. HL-1 cells were collected 
and lysed with RIP lysis buffer. HL-1 cell lysates (100 μL) 
were treated with RIP buffer and incubated with Proteinase 
K and magnetic beads conjugated with anti-Ago2 (1:500, 
ab186733, Abcam) or IgG (1:1000, ab199376, Abcam). 
Next, the immunoprecipitated RNA was extracted, and the 
results were measured by DNA agarose gel electrophoresis 
and RT-qPCR.

Establishment of a HF Mouse Model

Animal experiments were performed using approved pro-
tocols by the Institutional Animal Care and Use Commit-
tee of the Second Hospital of Hebei Medical University. 
All animal procedures were implemented according to the 
NIH guidelines (NIH Publication No. 86–23). Twenty-four 
healthy male C57BL/6 J mice were purchased from Beijing 
Vital River Laboratory Animal Technology Co., Ltd. (Bei-
jing, China). A 12–12-h lights on–off cycle was maintained 
in an environmentally controlled room. Standard rodent food 
and water were freely accessible. The mice were randomly 
divided into four groups of six mice each: the sham, HF, 
PBS (HF + PBS), and MSC-Exos (HF + MSC-Exos) groups.

We used permanent ligation of the left anterior descend-
ing (LAD) coronary artery to construct a mouse model of 
HF. The mice were anesthetized by intraperitoneal injection 
with a mixture of xylazine (5 mg/kg, X854786, Shanghai 
Macklin Biochemical Co., Ltd., Shanghai, China) and keta-
mine (100 mg/kg, R923159, Macklin). The surgery was per-
formed under aseptic conditions. The chest cavity of mice 
was sterilized, and the heart was exposed to perform LAD 
ligation with a 7–0 silk ligature at the fourth rib space. The 
chest cavity was closed quickly, and the heart was gently 
massaged to restore the breathing. The incision was finally 
closed layer by layer. The hearts of rats in the sham group 
were not ligated. Postoperatively, 400,000 U of penicillin 
was administered to all mice to prevent infection. Mice in 
the MSC-Exos group were postoperatively injected with 50 
μL MSC-Exos at a concentration of 100 μg/mL through the 
tail vein once a week for three times (injection of exosomes 
did not cause an inflammatory response in mice). Mice in 
the PBS group were injected with an equal volume of PBS 
through the tail vein. The cardiac function of mice was 
assessed by echocardiography at an interval of one week 
postoperatively. After the end of the fourth week, the mice 
were euthanized (intraperitoneal injection of sodium pento-
barbital 200 mg/kg), and heart tissues were obtained for 
subsequent experiments.

Analysis of Cardiac Function by Echocardiography

After modeling, the mice were anesthetized with a mixture 
of xylazine (5 mg/kg) and ketamine (100 mg/kg) and immo-
bilized in a supine position on a wooden board. M-mode 
ultrasound images were acquired using a small animal 
ultrasound imaging system (VisualSonics, Toronto, Can-
ada). The echocardiography allowed us to measure the LV 
end-diastolic volume (LVEDV), LV end-systolic volume 
(LVESV), LV internal dimension-diastole (LVIDd), LV 
internal dimension in systole (LVIDs) and stroke volume 
(μL), and to average these indexes over three consecutive 
cardiac cycles. LV ejection fraction (LVEF), LV fractional 

http://starbase.sysu.edu.cn/
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shortening (LVFS), LV end-systolic diameter (LVDs, mm), 
and LV end-diastolic diameter (LVDd, mm) were then cal-
culated, where LVEF = (LVEDV-LVESV)/LVEDV × 100% 
and LVFS = (LVIDd-LVIDs)/LVIDd × 100%.

Assessment of Infarction Size Using 
2,3,5‑Triphenyltetrazolium Chloride (TTC) Staining

For TTC staining, three mice in each group were randomly 
chosen for the injection of Evans Blue staining (2.0% solu-
tion in 1 mL) into the coronary circulation through a carotid 
catheter. Remaining mice were euthanized and used for 
terminal deoxynucleotidyl transferase dUTP nick end labe-
ling (TUNEL). The mice were euthanized, and hearts were 
rapidly excised, stored at − 80 °C, cut into 1-mm-thick sec-
tions, and counter-stained at 37 °C for 15 min with 1% (wt/
vol) TTC (Sigma) solution. Representative images were 
captured. Image-Pro Plus software was used to assess the 
volumes of non-ischemic (area not at risk), ischemic (area 
at risk, AAR), and infarcted (INF) regions, and the results 
were considered as INF/AAR × 100%.

Assessment of Apoptosis Using TUNEL

Heart tissues were fixed overnight in 10% formalin at 4 °C, 
and 5-μm sections were stained with TUNEL kit (C1089, 
Beyotime) according to the manufacturer’s protocol to assess 
cardiomyocyte apoptosis in heart sections. The sections 
were dewaxed in xylene, soaked in different concentrations 
of ethanol for 2 min, treated with proteinase K for 20 min, 
and incubated with TUNEL detection solution for 1 h at 
room temperature in the dark, counter-stained with DAPI, 
and finally sealed with anti-fluorescence quenching sealing 
solution and observed under a fluorescence microscopy.

Immunohistochemistry

The paraffin-embedded sections were soaked twice in xylene 
for dewaxing and rehydrated in ethanol at 100%, 95%, 90%, 
85%, 80%, and 70% concentrations for 5 min, respectively. 
Subsequently, endogenous peroxidase was removed with 3% 
peroxide. The sections were heated with citrate buffer in a 
microwave oven for antigen retrieval as well as exposure of 
antigen clusters, washed and then sealed with 5% BSA at 
room temperature for 30 min. After washing, the sections 
were incubated overnight with diluted CD31 antibody (1:500, 
GTX130274, GeneTex) or CD206 antibody (1:500, 24595 T, 
Cell Signaling Technologies) at 4 °C, followed by a 2-h incu-
bation with goat anti-rabbit secondary antibody (1:1000, 
ab6721, Abcam) at room temperature. The sections were sub-
jected to color development reaction with DAB chromogenic 
solution for 5 min, followed by immersion in hematoxylin 
staining solution for nuclear counter-staining for 30 s. The 

sections were sequentially immersed in different concentra-
tions of ethanol and xylene for dehydration and permeabili-
zation and finally sealed with neutral gum. The number of 
positive brown cells was observed under the microscope, and 
the positive rate was calculated.

Data Analysis

For data conforming to the normal distribution, one-way 
or two-way analysis of variance was used to calculate the 
statistical significance, and all pairwise multiple comparison 
procedures were done by Tukey’s post hoc test. For experi-
ments with three replications that did not conform to the nor-
mal distribution, the Kruskal–Wallis or Mann–Whitney test 
was conducted for nonparametric test analysis. At least three 
independent experiments were performed for each assay, and 
the values were expressed as mean ± SD. GraphPad Prism 
8.0 (GraphPad, San Diego, CA, USA) was used for graphs 
and data analysis. Statistical significance was defined as p 
value < 0.05.

Results

Characterization of MSCs and MSC‑Exos

MSCs were observed under an inverted fluorescence micro-
scope in a fibroblast-like morphology (Fig. 1A). Cell surface 
marker proteins were analyzed by flow cytometry. MSCs 
were found to be positive for the markers CD44 and CD29, 
while cell differentiation markers CD34 and CD45 were 
negative (Fig. 1B).

To characterize MSC-Exos, we extracted exosomes from 
the medium of MSCs using gradient centrifugation. The 
morphology of exosomes can be observed by transmission 
electron microscope (TEM). The isolated exosomes showed 
as a typical elliptical shape (Fig. 1C). Particle size analy-
sis showed that the diameter of exosomes ranged from 30 
to 140 nm (Fig. 1D). The expression of MSC-Exos marker 
proteins was detected by Western blot, and the expression 
of CD81 and TSG101 proteins was found to be much higher 
in MSC-Exos than that in MSCs (Fig. 1E). Furthermore, 
confocal microscopy results showed that after co-culture of 
HL-1 cells with PKH-67-labeled MSC-Exos, the isolated 
MSC-Exos was successfully internalized by HL-1 cells 
(Fig. 1F). In summary, MSCs and MSC-Exos were success-
fully isolated, and the isolated MSC-Exos were internalized 
by HL-1 cells.

MSC‑Exos Inhibits Oxidative Stress and Apoptosis 
in OGD‑Treated HL‑1 Cells

To investigate the role played by MSC-Exos in oxidative 
stress and apoptosis, we constructed a cellular model of 
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HF by treating mouse cardiomyocytes HL-1 with OGD, 
followed by MSC-Exos co-culture. LDH and MDA con-
tents in HL-1 cells were significantly increased, whereas 
SOD and GSH-PX levels were significantly decreased 
after OGD treatment by ELISA. After co-culture of OGD-
treated HL-1 cells and MSC-Exos, LDH and MDA con-
tents were significantly decreased, while SOD and GSH-
PX levels were significantly increased (Fig.  2A). The 
apoptosis rate was analyzed by flow cytometry, and it was 
found that OGD treatment significantly promoted apopto-
sis, and this promotion was significantly reversed by MSC-
Exos (Fig. 2B). Western blot presented that the levels of 
the pro-apoptotic proteins cleaved caspase-3 and Bax 
were significantly boosted, and the expression of the anti-
apoptotic protein Bcl 2 was significantly reduced in OGD-
induced HL-1 cells. However, these trends were effectively 
reversed by treatment with MSC-Exos (Fig. 2C). These 
results suggest that MSC-Exos can inhibit oxidative stress 
and apoptosis in OGD-treated HL-1 cells.

MSC‑Exos Enhances the Expression of miR‑129‑5p 
in HL‑1 Cells

To investigate the specific mechanism of MSC-Exos in 
OGD-treated HL-1 cells, we analyzed the differentially 
expressed miRNAs in HL-1 cells treated with MSC-Exos 
or PBS in the presence of OGD using microarrays. We 
plotted the heat map with |Log2Fold change |> 2 as the 
screening condition, showing the top seven differentially 
expressed miRNAs and found that miR-129-5p was the 
most significantly elevated one (Fig. 3A). The expression 
of miR-129-5p in MSC-Exos was examined by RT-qPCR, 
and the results showed that miR-129-5p expression was sig-
nificantly enriched in the purified exosomes relative to the 
supernatant (Fig. 3B). After that, we inhibited the expres-
sion of miR-129-5p in MSCs by transfection with miR-
129-5p inhibitor, and the miR-129-5p level was significantly 
reduced in MSCs, as measured by RT-qPCR (Fig. 3C). In 
addition, exosomes derived from the MSCs after transfec-
tion were collected. It was revealed by RT-qPCR that the 

Fig. 1   Culture and characterization of MSCs and MSC-Exos. A 
Observation of the morphology of MSCs under an optical micro-
scope. B Flow cytometric analysis of surface marker proteins of 
MSCs. C TEM observation of exosome morphology and structure. D 
Particle size analysis of exosomes. E Western blot analysis of CD81 

and TSG101 expression in MSC-Exos. F Confocal fluorescence 
microscopy observation of the uptake of MSC-Exos by HL-1 cells. 
Data are depicted as the mean ± SD from three independent experi-
ments
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expression of miR-129-5p was significantly suppressed in 
exosomes derived from MSCs with miR-129-5p inhibitor 
(herein termed as MSC-Exos-inhibitor) relative to those 
from MSCs with NC inhibitor (herein termed as MSC-Exos-
NC) (Fig. 3D).

Inhibition of miR‑129‑5p Attenuates the Effects 
of MSC‑Exos on OGD‑Treated HL‑1 Cells

As shown in Fig. 3D, we successfully knocked down the 
level of miR-129-5p in exosomes and co-cultured these 
exosomes with OGD-treated HL-1 cells. The RT-qPCR 
results established that the expression of miR-129-5p was 
significantly decreased in OGD-treated HL-1 cells after 
co-culture with MSC-Exos-inhibitor (Fig. 4A). Subsequent 

ELISA analysis revealed that LDH and MDA levels were 
considerably increased, whereas SOD and GSH-PX levels 
were decreased in the MSC-Exos-inhibitor group of cells 
compared to the MSC-Exos-NC group (Fig. 4B). Flow 
cytometric assays in Fig. 4C showed that knockdown of 
miR-129-5p in exosomes promoted apoptosis of HL-1 
cells. Western blot assay displayed that the levels of pro-
apoptotic protein cleaved caspase-3 and Bax were signifi-
cantly augmented, and the expression of anti-apoptotic 
protein Bcl2 was significantly reduced in HL-1 cells after 
silencing of miR-129-5p (Fig. 4D). The above results indi-
cated that inhibition of miR-129-5p in MSC-Exos signifi-
cantly attenuated the therapeutic effect of MSC-Exos on 
OGD-treated HL-1 cells.

Fig. 2   MSC-Exos inhibits oxidative stress and apoptosis in OGD-
treated HL-1 cells. A The release of LDH, MDA, SOD, and GSH-PX 
in cells measured using ELISA. B Apoptosis rate (number of apop-
totic cells/total number of cells) in cells measured using flow cytom-
etry. C The protein expression of apoptosis-related genes cleaved 

caspase-3, Bax, and Bcl2 in cells measured using Western blot. Data 
are depicted as the mean ± SD from three independent experiments.   
**p < 0.01. Statistical significance was determined using Kruskal–
Wallis test
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miR‑129‑5p Targets TRAF3 in HL‑1 Cells

To investigate the specific mechanisms by which miR-
129-5p plays a role in oxidative stress and apopto-
sis, we need to find downstream targets of miR-129-5p 
that act in HL-1 cells. We predicted the target genes of 

mmu-miR-129-5p in miRDB (http://​mirdb.​org/), TargetS-
can (http://​www.​targe​tscan.​org/), miRWalk (http://​mirwa​
lk.​umm.​uni-​heide​lberg.​de/), and StarBase (http://​starb​
ase.​sysu.​edu.​cn/). Six intersecting genes, namely BRPF3, 
KLF7, TRAF3, ERBB4, PTPN4, and ACTR3 came out 
(Fig.  5A). We transfected miR-129-5p mimic and its 

Fig. 3   MSC-Exos enhances the 
expression of miR-129-5p in 
HL-1 cells. A Microarray analy-
sis of the effect of MSC-Exos 
treatment on miRNA expression 
in HL-1 cells. B miR-129-5p 
enrichment in exosomes by 
RT-qPCR. C The transfection 
efficiency of miR-129-5p inhibi-
tor in MSCs by RT-qPCR. D 
The miR-129-5p expression in 
MSC-Exos-NC and MSC-Exos-
inhibitor by RT-qPCR. Data are 
depicted as the mean ± SD from 
three independent experiments. 
**p < 0.01, ***p < 0.001. 
Statistical significance was 
determined using Mann–Whit-
ney test

Fig. 4   Inhibition of miR-129-5p attenuates the protective effect of 
MSC-Exos on OGD-treated HL-1 cells. A Expression of miR-129-5p 
in HL-1 cells co-cultured with MSC-Exos-NC and MSC-Exos-inhib-
itor by RT-qPCR. B The release of LDH, MDA, SOD, and GSH-PX 
in cells measured using ELISA. C Apoptosis rate (number of apop-
totic cells/total number of cells) in cells measured using flow cytom-

etry. D The protein expression of apoptosis-related genes cleaved 
caspase-3, Bax and Bcl2 in cells measured using Western blot. Data 
are depicted as the mean ± SD from three independent experiments. 
*p < 0.05, **p < 0.01. Statistical significance was determined using 
Mann–Whitney test or Kruskal–Wallis test

http://mirdb.org/
http://www.targetscan.org/
http://mirwalk.umm.uni-heidelberg.de/
http://mirwalk.umm.uni-heidelberg.de/
http://starbase.sysu.edu.cn/
http://starbase.sysu.edu.cn/
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control into HL-1 cells, and effective transfection was 
confirmed using RT-qPCR (Fig. 5B). We examined the 
expression of six predicted target genes in the cells after 
transfection using RT-qPCR and found that only TRAF3 
was significantly downregulated by miR-129-5p mimic 
(Fig. 5C). TRAF3 expression was found to be significantly 
elevated in OGD-treated HL-1 cells and decreased after 
MSC-Exos treatment by RT-qPCR. By contrast, TRAF3 
expression was significantly restored in OGD-treated HL-1 
cells after co-culture with MSC-Exos inhibitor (Fig. 5D).

We predicted the binding site of TRAF3 to miR-129-5p 
from StarBase (Fig. 5E). miR-129-5p mimic was found 
to significantly inhibit the luciferase activity of TRAF3-
WT by dual-luciferase assay, while it had no significant 
effect on the luciferase activity of TRAF3-MUT (Fig. 5F). 
Consistently, RIP experiments showed that anti-Ago2 sig-
nificantly enriched miR-129-5p and TRAF3 compared to 

anti-IgG (Fig. 5G). These results suggest that miR-129-5p 
targets TRAF3 in HL-1 cells.

Overexpression of TRAF3 Reverses the Therapeutic 
Effect of MSC‑Exos Through Activation of NF‑κB 
Signaling Pathway

We analyzed TRAF3-related genes by KEGG enrichment 
and found that TRAF3-related genes could be enriched in 
the NF-κB signaling pathway (Fig. 6A, B). We then trans-
fected si-TRAF3 and control (si-NC) into OGD-treated HL-1 
cells co-cultured with MSC-Exos inhibitor, and effective 
transfection was confirmed using RT-qPCR (Fig. 6C). We 
then examined the phosphorylation of IκBα and p65, marker 
proteins of the NF-κB signaling pathway, by Western blot in 
cells after different treatments. We found that OGD induc-
tion led to a significant increase in the levels of p-IκBα and 

Fig. 5   Exosomal miR-129-5p released by MSCs inhibits the expres-
sion of TRAF3. A Potential target genes for miR-129-5p predicted 
using bioinformatics websites. B The transfection efficiency of miR-
129-5p mimic in HL-1 cells examined using RT-qPCR. C Effect of 
miR-129-5p mimic on mRNA expression of potential target genes 
by RT-qPCR. D RT-qPCR analysis of TRAF3 expression in HL-1 
cells under different treatments. E Potential binding sites of miR-

129-5p to TRAF3. F The effect of overexpression of miR-129-5p 
on TRAF3-WT or TRAF3-MUT luciferase activity measured using 
dual-luciferase assay. G The binding relationship between miR-
129-5p and TRAF3 measured using RIP assay. Data are depicted 
as the mean ± SD from three independent experiments. *p < 0.05, 
**p < 0.01. Statistical significance was determined using unpaired 
Mann–Whitney test or Kruskal–Wallis test
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Fig. 6   Overexpression of TRAF3 reverses the therapeutic effect of 
MSC-Exos by activating the NF-κB signaling pathway. A, B KEGG 
enrichment analysis of genes associated with TRAF3 and visuali-
zation by bubble mapping. C Detection of TRAF3 mRNA expres-
sion in HL-1 cells transfected with si-TRAF3 and co-cultured with 
MSC-Exos-NC and MSC-Exos-inhibitor by RT-qPCR. D Western 
blot analysis of p-IκBα, IκBα, p-p65, and p65 expression in cells 
under different treatments. E The release of LDH, MDA, SOD and 

GSH-PX in cells measured using ELISA. F Apoptosis rate (num-
ber of apoptotic cells/total number of cells) in cells measured using 
flow cytometry. G The protein expression of apoptosis-related genes 
cleaved caspase-3, Bax and Bcl2 in cells measured using Western 
blot. Data are depicted as the mean ± SD from three independent 
experiments. *p < 0.05, **p < 0.01, ***p < 0.001. Statistical signifi-
cance was determined using Kruskal–Wallis test or Mann–Whitney 
test



641Cardiovascular Toxicology (2022) 22:631–645	

1 3

p-p65 in the cells, while MSC-Exos treatment significantly 
reduced the extent of IκBα and p65 phosphorylation. Poor 
expression of TRAF3 reversed the effects of miR-129-5p 
inhibitor to impair the NF-κB signaling pathway again 
(Fig. 6D).

ELISA and flow cytometry assays revealed that the loss of 
TRAF3 resulted in a significant decrease in LDH and MDA 
levels and a significant increase in SOD and GSH-PX levels 
(Fig. 6E), which was occurred concomitant with hampered 
apoptosis (Fig. 6F). The results of Western blot showed that 
deficiency of TRAF3 inhibited the expression of cleaved 
caspase-3 and Bax proteins and promoted the expression of 
Bcl2 protein (Fig. 6G).

MSC‑Exos Alleviates Ventricular Dysfunction 
and Oxidative Stress via miR‑129‑5p/TRAF3/NF‑κB 
Axis in Mice with HF

To further investigate whether MSC-Exos could amelio-
rate HF and oxidative stress of cardiomyocytes in vivo, we 

constructed a mouse HF model and injected MSC-Exos 
or PBS into HF mice through the tail vein. We then tested 
the cardiac function of mice at an interval of one week and 
found that LVEF and LVFS were significantly lower in the 
HF mice. The improvement effect of MSC-Exos injection 
was not significant in the first three weeks, and LVEF and 
LVFS were significantly higher in the HF mice upon MSC-
Exos injection at the fourth week (Fig. 7A). At the fourth 
week of the experiment, we found that the stroke volume of 
mice in the HF group decreased significantly, and the level 
of stroke volume increased significantly after MSC-Exos 
injection (Fig. 7B), indicating that exosome injection could 
alleviate the damage to cardiac function caused by LAD 
ligation. Therefore, we chose to euthanize the mice after 
the fourth week of the experiment and isolated the myo-
cardial tissues to make sections. TTC staining showed that 
the infarct area was much higher in the HF mice compared 
with the sham-operated mice, and MSC-Exos treatment sig-
nificantly reduced the infarct area (Fig. 7C). The expression 
of miR-129-5p was significantly decreased and the mRNA 

Fig. 7   MSC-Exos alleviates ventricular dysfunction and oxidative 
stress of cardiomyocytes via miR-129-5p/TRAF3/NF-κB axis in mice 
with HF. A Echocardiographic assessment of LVEF and LVFS in 
mice. B Echocardiographic assessment of stroke volume in mice. C 
Heart damage in mice measured using TTC staining. D Expression 
of miR-129-5p and TRAF3 mRNA in myocardial tissue of mice by 

RT-qPCR. E The release of LDH, MDA, SOD, and GSH-PX in myo-
cardial tissue homogenate measured using ELISA. Data are depicted 
as the mean ± SD (n = 6 for A, B, D, and E; n = 3 for C).    **p < 0.01. 
Statistical significance was determined using Kruskal–Wallis test, 
one-way or two-way ANOVA, and Tukey’s multiple comparison test
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level of TRAF3 was increased in cardiomyocytes of HF mice 
by RT-qPCR; and this was reversed after MSC-Exos injec-
tion (Fig. 7D). The ELISA results showed that the levels of 
LDH and MDA were significantly increased, and the levels 
of SOD and GSH-PX were inhibited in the myocardial tissue 
homogenate of HF mice, whereas the oxidative stress was 
alleviated after MSC-Exos treatment (Fig. 7E).

MSC‑Exos Alleviates Apoptosis, Inflammation, 
and Fibrosis in Myocardial Tissues via miR‑129‑5p/
TRAF3/NF‑κB Axis in Mice with HF

The results of TUNEL assay in Fig. 8A demonstrated that 
cardiomyocyte apoptosis induced by HF was significantly 
reduced by MSC-Exos injection. Immunohistochemical 
staining of myocardial tissues showed that the levels of 
angiogenesis-related factor CD31 and anti-inflammatory 
factor CD206 were significantly reduced. After MSC-Exos 
treatment, the expression of CD31 and CD206 was restored 
(Fig. 8B). Meanwhile, we performed western blot assays on 
the fibrosis-associated protein CTGF in the infarct margin 
region and the distal infarct in the myocardial tissues. A 
significant increase was found in CTGF expression in the 
infarct margin region of HF mice, which was reversed by 
MSC-Exos injection. By contrast, there was no significant 
difference regarding CTGF expression in the distal infarct 
region (Fig.  8C). Western blot assay revealed elevated 
expression of cleaved caspase-3 and Bax proteins and 
decreased expression of Bcl2 protein in cardiomyocytes of 
HF mice (Fig. 8D) and activated phosphorylation levels of 
IκBα and p65 proteins in myocardial tissues (Fig. 8E). How-
ever, MSC-Exos administration suppressed the pro-apop-
totic protein expression and elevated anti-apoptotic protein 
expression by blocking the NF-κB pathway.

Discussion

Over the last 10 years, the potential roles of exosomes as 
effective inter-tissue communicators in cardiovascular 
physiology and pathology by transferring bioactive RNAs, 
proteins, and lipids from donor to recipient cells and influ-
encing the biological properties of the latter have been 
gradually appreciated [12]. In the present work, MSC-Exos 
were identified as cardiac protectors due to their functions 
in reducing inflammation, fibrosis, apoptosis, and oxidative 
stress. Knockdown of miR-129-5p mitigated these protective 
effects on HL-1 cells exposed to OGD and HF mice induced 
by LAD ligation, as evidenced by increased cell apoptosis 
and oxidative stress. Mechanistically, we determined that 
miR-129-5p targeted TRAF3 to elicit its protective effects 
via blocking the NF-κB signaling.

Exo released by human umbilical cord MSCs reduced 
oxidative injury of HK-2 cells induced by oxalate and cal-
cium oxalate monohydrate, as evidenced by lowered MDA 
and LDH activities [13]. In addition, miR-512-3p enriched 
in MSC-Exos markedly inhibited oxidized low-density lipo-
protein-mediated endothelial cell damage, namely, inhibited 
Caspase-3 activation and cell apoptosis, inhibited the oxi-
dative factor MDA, and increased the contents of SOD and 
GSH-PX [14]. In line with these reports, we observed that 
MSC-Exos significantly enhanced SOD and GSH-PX lev-
els and Bcl2 expression, whereas repressed MDA and LDH 
activities and cleaved caspase-3 and Bax expression in HL-1 
cells. Using microarray analysis on HL-1 cells exposed to 
OGD and co-cultured with MSC-Exos or PBS, we found 
that miR-129-5p was at least partially responsible for the 
protective effects of MSC-Exos. For substantiation, we con-
ducted loss-of-function assays using exosomes derived from 
MSCs transfected with miR-129-5p inhibitor for co-culture. 
As expected, the protective effects of MSC-Exos were 
perturbed. Consistently, miR-129-5p overexpression dra-
matically alleviated myocardial injury in mice subjected to 
ischemia/reperfusion, as evidenced by reduced LDH activ-
ity, MDA content, and infract size [15]. More specifically, 
downregulation of miR-129-5p were observed in the serum 
of chronic HF patients, and administration of miR-129-5p 
improved heart function and hemodynamic parameters, 
as well as attenuated oxidative stress in rats with HF [16]. 
However, the role of miR-129-5p enriched in MSC-Exos in 
HF, to the best of our knowledge, has been rarely reported 
before, which underlines the novelty of our study.

Subsequently, we applied bioinformatics websites to 
predict the downstream targets of miR-129-5p in HF. Even 
though six genes were screened out, only TRAF3 showed 
significant downregulation in HL-1 cells following miR-
129-5p mimic transfection. The binding relation between 
miR-129-5p and TRAF3 3’UTR was corroborated using 
dual-luciferase and RIP assays. TRAF3, an adaptor protein 
in tumor necrosis factor-related signaling, was identified 
as a main controller of cardiac hypertrophy in response 
to pressure overload [17]. Moreover, NF-κB pathway was 
one of the major downstream pathways mediated by the 
TRAF family members [18]. This was in line with our 
KEGG enrichment analysis and western blot assay results. 
Previously, TRAF3 has been revealed to be bound by 
miR-155, thus participating in the regulation of oxidative 
stress and necroptosis achieved by methionine selenium 
[19]. Das et al. also reported that silencing of TRAF3-
interacting protein 2 could inhibited NF-κB activation, 
inflammatory cytokine expression, collagen expression, 
and secretion, thus blunting myocardial hypertrophy and 
contractile dysfunction [20]. Here, we presented that 
loss of TRAF3 reduced oxidative stress and cell apopto-
sis in HL-1 cells in the presence of MSC-Exo-inhibitor 
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Fig. 8   MSC-Exos alleviates apoptosis, inflammation, and fibrosis 
in myocardial tissues via miR-129-5p/TRAF3/NF-κB axis in mice 
with HF. A Apoptosis of myocardial tissues in mice measured using 
TUNEL staining. B Immunohistochemical detection of CD31 and 
CD206 expression in myocardial tissues. C The protein expression 
of fibrosis-associated protein CTGF in myocardial tissues measured 
using Western blot. D The protein expression of apoptosis-related 

genes cleaved caspase-3, Bax, and Bcl2 in myocardial tissues meas-
ured using Western blot. E Western blot analysis of p-IκBα, IκBα, 
p-p65, and p65 expression in myocardial tissues of mice. Data are 
depicted as the mean ± SD (n = 6 for C, D, and E; n = 3 for A and B).    
**p < 0.01. Statistical significance was determined using Kruskal–
Wallis test, one-way or two-way ANOVA, and Tukey’s multiple com-
parison test
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by blocking the NF-κB pathway. Quite in line with our 
results, Rac1 inhibition could impair the NF-κB signaling 
and antagonize the promotion of miR-96 knockdown on 
doxorubicin-induced myocardial toxicity [21]. Exosomal 
miR-30e from rat bone marrow MSCs markedly inhibited 
LOX1 expression, thereby downregulating the activity of 
the NF-κB p65 signaling and ameliorating HF in rats [22]. 
miR-129 inhibitor antagonized the anti-tumor effect of 
magnolol and partly offset the magnolol-induced decline 
of p-IκBα and p-p65 expression in multiple myeloma cells 
[23], which also hinted the possible interaction between 
miR-129-5p and the NF-κB pathway.

Conclusion

Recapitulating these in vitro and in vivo results, exosomal 
miR-129-5p from MSC-Exos may repress the oxidative 
stress and cell apoptosis by targeting TRAF3 and block-
ing the NF-κB signaling. However, there are limitations to 
the clinical application of MSC-Exos. First, the minimum 
effective dose of exosomes needs to be optimized. Second, 
exosome extraction methods need to be further optimized 
to obtain purer and higher volumes of exosomes. Moreover, 
cardiac metabolism is highly adaptive to changes in fuel 
availability and the energy demand, and this metabolic flex-
ibility is of great importance for the heart to maintain its 
output during the development and in response to stress [24]. 
The high rates of ATP production are critical in maintaining 
cardiac contractility. Cardiac ATP is mainly derived from 
fatty acid oxidation, with glucose metabolism contributing 
less under normal conditions, whereas fatty acid oxidation 
may be reduced, which is concomitant with increased glu-
cose utilization under stress conditions [25]. Meanwhile, 
miR-129-5p has been reported to suppress glucose consump-
tion, lactate production, cellular ATP levels, and glucose 
uptake of gastric cancer cells [26]. Therefore, the effect of 
miR-129-5p on glucose metabolism in the HF development 
would be further explored in the future due to time and fund-
ing constraints.
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