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Abstract 

Background: The mesenchymal stem cells (MSCs) were used to repair tissue injury. However, the treatment effect 
was not satisfactory. We investigated whether lncRNA MIR155HG could promote survival and migration of MSCs 
under oxidative stress, which mimics in vivo environments. Furthermore, we studied the protective effect of exosomes 
secreted by MSCs transfected with MIR155HG on endothelial cells. This study aimed to determine whether exploiting 
MSCs and exosomes modified with lncRNA MIR155HG would exert synergistic therapeutic effect to attenuate vein 
graft intimal hyperplasia more effectively.

Methods: Lentivirus containing lncRNA MIR155HG overexpressing vector was packaged and used to infect MSCs. 
Then, CCK-8 assay, flow cytometry, Transwell assay, and Elisa assay were used to assess the functional changes of MSCs 
with overexpressed MIR155HG (OE-MSCs). Furthermore, the associated pathways were screened by Western blot. 
MIR155HG-MSCs-derived exosomes (OE-exo) were collected and co-cultured with human umbilicus vein endothelial 
cell (HUVEC). We validated the protective effect of OE-exo on HUVEC. In vivo, both MSCs and exosomes modified with 
MIR155HG were injected into a vein graft rat model via tail vein. We observed MSCs homing and intimal hyperplasia 
of vein graft using a fluorescent microscope and histological stain.

Results: Our study found that lncRNA MIR155HG promoted proliferation, migration, and anti-apoptosis of MSCs. 
NF-κB pathway took part in the regulation process induced by MIR155HG. OE-exo could enhance the activity and 
healing ability of HUVEC and reduce apoptosis. In vivo, OE-MSCs had a higher rate of homing to vascular endothe-
lium. The combined treatment with OE-MSCs and OE-exo protected vascular endothelial integrity, reduced inflamma-
tory cell proliferation, and significantly attenuated intimal hyperplasia of vein graft.

Conclusion: LncRNA MIR155HG could promote the survival and activity of MSCs, and reduce the apoptosis of 
HUVECs using exosome delivery. Exploiting MSCs and exosomes modified with MIR155HG could attenuate vein graft 
intimal hyperplasia more effectively and maximize the surgical effect.
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Background
Coronary artery bypass grafting (CABG) is the most 
effective treatment for severe coronary heart disease. The 
autogenous veins are commonly used as bridging ves-
sels in CABG. However, approximately 20–40% of vein 
grafts could become stenosed or even occluded two years 
after surgery [1, 2]. Intimal hyperplasia of vein graft seri-
ously reduces the therapeutic effect of CABG [3, 4]. The 

Open Access

*Correspondence:  zhanglining@sdu.edu.cn; songgm0824@163.com

1 Department of Cardiovascular Surgery, Qilu Hospital of Shandong 
University, Jinan 250012, China
4 Department of Immunology, School of Basic Medical Science, 
Shandong University, Jinan 250012, China
Full list of author information is available at the end of the article

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://creativecommons.org/publicdomain/zero/1.0/
http://crossmark.crossref.org/dialog/?doi=10.1186/s13287-022-03197-0&domain=pdf


Page 2 of 14Bai et al. Stem Cell Research & Therapy          (2022) 13:512 

pathological basis of intimal hyperplasia is endothelial 
cell injury [5], which induces oxidative stress reaction 
and delays vascular endothelial repair [6]. These patho-
logical processes lead to intimal hyperplasia, lumen 
stenosis, and occlusion. Therefore, early repair of the vas-
cular endothelium is essential in preventing graft remod-
eling [7, 8].

The mesenchymal stem cells (MSCs) are used to repair 
tissue injury [9, 10], and endothelial cells serve as a vas-
cular barrier. The apoptosis of endothelial cells would 
destroy the barrier, directly exposing vascular smooth 
muscle cells to blood flow, leading to the inflammatory 
hyperplasia. Our previous studies confirmed that MSCs 
could be home in the endothelial injury location to pro-
mote endothelial repair, attenuating vein graft intimal 
hyperplasia. However, studies suggested a high level of 
oxidative stress caused by vein grafting in the blood cir-
culation. The survival and activity of MSCs could be 
decreased under oxidative stress induced by tissue injury, 
weakening the effect of MSCs therapy [11]. Therefore, we 
enhanced the function of MSCs in the oxidative stress 
environment using long non-coding RNA (lncRNA) to 
improve the therapeutic effect of MSCs transplantation.

lncRNA is a non‐coding RNA with more than 200 
nucleotides in length. lncRNA MIR155 host gene 
(MIR155HG), also known as B‐cell integration cluster, 
located in chromosome 21q21, is considered the precur-
sor of miR-155 [12, 13]. MIR155HG could promote the 
migration and invasion of cervical cancer cells [14], and 
MIR155HG knockdown suppresses cell proliferation, 
migration, and invasion in non-small cell lung cancer 
[15]. There is no evidence that MIR155HG effects migra-
tion and the anti-apoptotic ability of MSCs. In this study, 
we try to use MIR155HG to improve the migration and 
anti-apoptotic ability of MSCs. The increase in the hom-
ing MSCs in vivo may promote endothelial repair effect 
and better alleviate intimal hyperplasia of grafted veins.

The exosomes secreted by MSCs are tiny membra-
nous vesicles with lipid bilayers, 30–150  nm in diam-
eter. Exosomes are rich in lncRNA, miRNA, and other 
genetic materials [16, 17] and worth studying their func-
tional changes after MIR155HG transfection. Exosomes 
downregulate inflammatory response and reduce apop-
tosis [18, 19]. Therefore, we want to study the change 
of genetic materials in the exosomes derived from 
MIR155HG-MSCs and the protective effect of exosomes 
on endothelial cells.

In this study, we attenuated vein graft intimal hyper-
plasia by exploiting both MSCs and exosomes modified 
with MIR155HG. We showed that MIR155HG promoted 
the migration and anti-apoptosis of MSCs. MIR155HG-
exosomes enhanced the healing ability of HUVEC and 
reduced the apoptosis. MIR155HG could serve as a 

target for modifying MSCs and exosomes to prevent inti-
mal hyperplasia of vein graft and improve the effect of 
vascular transplantation.

Materials and methods
Cell culture and characterization
The MSCs were purchased from Cyagen Biosciences Inc. 
(Shanghai, China) and were cultured in DMEM contain-
ing 10% fetal bovine serum (Gibco, USA) in a humidified 
atmosphere at 37 °C and 5%  CO2. MSCs were character-
ized by cell surface markers (CD29, CD34, CD45 and 
CD90) using flow cytometric analysis. The HUVECs were 
purchased from FuHeng Biology (Shanghai, China) and 
were cultured in ECM (ScienCell, USA) containing 5% 
fetal bovine serum and 1% endothelial cell growth sup-
plements. Cells were maintained at 37 °C in a humidified 
atmosphere of 5%  CO2. HUVECs were characterized by 
CD31.

Lentiviral vector transfection
The MIR155HG-expressing lentivirus vector was 
pCDH-CMV-MIR155HG-EF1-copGFP-T2A-Puro(rLv-
MIR155HG) obtained from OLIGOBIO Co., Ltd. (Beijing, 
China). The rLv-MIR155HG vector and control vector 
were, respectively, co-transfected with packaging vec-
tors PCDH-CMV-MCS-EF1-copGFP-T2A-puro, psPAX2 
and p MD2.G into HEK-293T cells using Lipofectamine 
2000 transfection reagent. The MIR155HG-knockdown 
lentivirus vector was plvx-shRNA2-Zsgreen-T2A-puro. 
Short-hairpin RNAs (shRNAs) against MIR-155HG 
were constructed in pcDNA3.1 by OLIGOBIO Co., Ltd. 
(Beijing, China). The target sequence of sh-MIR155HG 
was GCA TTC ACG TGG AAC AAA T, and the control 
sequence was TTC TCC GAACG- TGT CAC GT. Primary 
MSCs were incubated with recombinant MIR155HG-
GFP or sh-MIR155HG-GFP lentivirus vectors at a multi-
plicity of infection (MOI) of 60. Cells were infected with 
the lentivirus medium. After 6 h, 2 ml fresh medium was 
added to dilute polybrene. Then, the lentivirus culture 
medium was replaced with a fresh medium for another 
24  h. The green fluorescent protein signal was detected 
using a fluorescence microscope, and gene transfection 
efficiency was verified using PCR 48 h later. Primers were 
as follows: MIR155HG forward 5′-GCT TGC TGA AGG 
C TGT ATG C-3′, MIR155HG reverse 5′-GTC TTG TCA 
TCC TCC CAC GG-3′; GAPDH forward 5′-GAT TTG 
GCC GTA TCG GAC -3′, GAPDH reverse 5′-GAA GAC 
GCCA GTA GAC TC-3′. Each reaction was replicated 
three times. Fold changes in cDNA relative to GAPDH 
endogenous control were calculated using the  2−ΔΔCt 
method.
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Chemical treatment
NF-κB inhibitor BMS-345541 was purchased from 
MCE (New Jersey, USA). Cells were treated with 5 μM 
BMS-345541 for 2  h. The NF-κB pathway was signifi-
cantly inhibited at this concentration, but no apoptosis 
was observed.

Cell viability assay
Cell viability was assessed using a Cell Counting 
Kit-8 (CCK-8) (MCE, New Jersey, USA). Cells were 
seeded onto 96 well plates and incubated for 24, 48, 
72, and 96  h. Then, 10% CCK-8 solution was added 
to each well according to the manufacturer’s instruc-
tions. Two hours later, the absorbance at 450  nm was 
detected using enzyme micro-plate reader (Tecan F50, 
Switzerland).

Cell proliferation assay
Cell proliferation was assessed using a kFluor555 Click-
iT EdU Kit (Keygen Biotech, Nanjing, China) according 
to the manufacturer’s instructions. KFluor555 stained the 
proliferating nuclei in red, and Hoechst 33342 stained 
the nucleus in purple. The proliferation rate equals the 
number of cells in proliferation state (red) divided by the 
number of total cells (purple).

Quantitative real‑time PCR (qRT‑PCR)
Total RNA was isolated from samples using TRIzol rea-
gent (Invitrogen, USA), and reverse transcription was 
performed using the PrimeScript RT reagent kit (Takara, 
Japan). QRT-PCR with SYBR Green was performed using 
a Bio-Rad real-time PCR system according to the manu-
facturer’s protocol. Melt curve analysis was conducted to 
verify that only one product was produced. RNA levels 
were calculated relative to GAPDH levels using the  2−
ΔΔCt method.

Western blot
Proteins were subjected to SDS-PAGE on polyacrylamide 
gels (8–10%) and transferred onto a PVDF membrane. 
After blocking with 5% non-fat milk in TBS containing 
0.1% Tween-20, the membrane was incubated at 4  °C 
overnight with one of the following primary antibod-
ies: anti-p-NF-κB P65, anti-NF-κB P65, anti-p-mTOR, 
anti-p-ERK, anti-ERK, anti-PDCD4, anti-GNA12 (Affin-
ity, USA); anti-mTOR, anti-GAPDH, anti-TSG101, 
anti-CD63, anti-CD81, anti-Bax (Proteintech, USA); 
anti-Bcl-2 (Abclonal, China). Subsequently, the perox-
idase-conjugated AffiniPure goat anti-rabbit or mouse 
IgG (Proteintech, USA) was added. Bound antibody was 

visualized via ECL plus TM Western blotting system 
detection kit (Amersham, USA).

Migration assay
A cell migration assay was performed using a tran-
swell (8  μm pore size) (Corning, USA) to observe the 
migration function of MSCs. 200 μL transfected MSCs 
(1.5 ×  105/ml) were seeded in the upper chamber, and 
600  μl complete medium with SDF-1a (100  ng/ml, Pro-
teintech, USA) were placed into the lower chamber. Cells 
on the upper side of the membrane were removed after 
12 h. Cells on the bottom surface of the membrane were 
stained with 0.1% crystal violet and counted in 5 ran-
domly selected microscopic fields.

Cell‑surface phenotype analysis
Experimental groups of MSCs were stained with rab-
bit anti-rat CXCR4 antibody (1:250, abcam, UK). The 
blank control group was stained with the isotype con-
trol antibody. Cells were incubated at 4 °C for 1 h. Then, 
the secondary antibody Cy3 goat anti-rabbit IgG (H + L) 
(Abclonal, China) was added and incubated at 4  °C for 
20 min. Flow cytometry was used to identify the pheno-
types of MSCs.

Cell apoptosis
The flow cytometry was performed using an Annexin 
V/PI apoptosis detection kit (Keygen Biotech, Nanjing, 
China) to quantify the apoptosis of the MSCs according 
to the manufacturer’s instructions.

ELISA assay
The culture medium of each group of MSCs was col-
lected and centrifuged at 1000  g for 20  min to obtain 
the supernatant. The HGF or VEGF concentration in 
the supernatant was quantified using an enzyme-linked 
immunosorbent assay (ELISA) kit (ExCellBio, Shanghai, 
China).

Extraction and identification of exosomes derived 
from MSCs
Exosomes were extracted from supernatants of MSCs 
cultures using density gradient ultracentrifugation. Mor-
phology of exosomes was observed using a transmission 
electron microscope after uranyl acetate staining. Exo-
some particle size was detected using a nanometer par-
ticle size detector. The markers of exosomes, including 
CD63, CD81, and TSG101, were identified using western 
blot. Uptake of exosome by HUVECs was observed using 
confocal laser microscopy (Leica, Germany).
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Vein grafting models
All the Sprague–Dawley (SD) rats weighing 250–300 g 
were purchased from Charles River (Beijing, China). 
The external jugular vein was harvested without dam-
age from the neck of the rats. Small branches of blood 
vessels were ligated using thin silk threads. The length 
of the obtained vein was approximately 1.5  cm. Vein 
grafting was performed with the cuff technique and 
inserted into the infrarenal abdominal aorta in the 
same rat. Heparin (100U/100  g) was used before and 
after grafting. Transfected cells (5 ×  107/ml × 0.2  ml) 
and exosome (400 μg protein suspended in 0.2 ml PBS) 
were injected into rat model through the caudal vein 
24 h after grafting. Rats were humanely killed one week 
after operation to evaluate MSC homing using fluores-
cence microscopy. All remaining rats were killed four 
weeks after the operation for histological detection. All 
the experimental procedures were performed with the 
approval of the Ethical Committee of the Qilu Hospital 
of Shandong University (KYLL-2021(KS)-976) and fol-
lowed the Institutional Animal Care and Use Commit-
tee guidelines.

Histological examination
Vascular specimens were fixed in 4% paraformaldehyde 
and then embedded in paraffin. Paraffin specimen sec-
tions (4-μm-thick) were prepared by dewaxing. Van Gie-
son (VG) stain was used to assess collagen infiltration 
according to the manufacturer’s instruction. The mor-
phology of the vascular intima was observed using light 
microscopy. The nucleus was stained in blue, muscle fib-
ers were stained in yellow, and collagen fibers appeared 
bright red.

For the immunohistochemistry test, the sections were 
incubated with rabbit anti-rat PCNA (1:100) or NF-κB 
P65 (1:100) overnight at 4℃. Then, sections were incu-
bated with biotinylated goat anti-rabbit IgG (1:200) for 
30  min. Positive staining was identified using diamin-
obenzidine (DAB). Positive staining for PCNA or NF-κB 
P65 was observed as brown areas. We applied Image J 
software to calculate the integral optical density (IOD) of 
each field.

Immunofluorescence microscopy
First, the sections were stained with anti-CD31 (Affin-
ity, USA) overnight at 4°C. The secondary antibody was 
added after the primary antibody was washed with PBS. 
Sections were incubated for 45  min at room tempera-
ture. Nuclei were counterstained with DAPI. Images were 
observed using a fluorescent microscope (OLYMPUS, 
Japan).

Statistical analysis
Data were expressed as means and standard deviations 
(SD). SPSS version 20.0 software (SPSS, Chicago, USA) 
was used to analyze differences between samples, either 
using the two-sample student t test or one-way ANOVA 
for differences between selected pairs of samples. P 
value < 0.05 was considered statistically significant.

Results
Characterization of MSCs and lentiviral transfection 
of lncRNA MIR155HG
The MSCs cultured in  vitro presented a homogene-
ous fibroblast-like form (Fig. 1A). Flow cytometry dem-
onstrated that the cells were uniformly negative for the 
hematopoietic markers CD34 and CD45 and positive for 
the stem cell antigens CD29 and CD90 (Fig.  1B). Thus, 
the phenotype of the cell population used in our study 
was consistent with that of MSCs. MSCs were transfected 
with recombinant MIR155HG-GFP or sh-MIR155HG-
GFP lentiviral vector (MOI = 60). GFP-labeled MSCs 
showed strong green fluorescence under a fluorescent 
microscope (Fig.  1C). GFP fluorescence intensity was 
detected by flow cytometry, and the result showed that 
the transfection efficiency of lentivirus to MSCs was 
approximately 90% (Fig.  1D). The high transfection effi-
ciency could meet the experimental requirements. After 
transfection with MIR155HG, the level of MIR155HG 
in the OE-MIR155HG group was 40.14 times that in the 
vector group. After MIR155HG interfered with shRNA, 
the level of MIR155HG in the sh-MIR155HG group was 
0.14 times that in the shRNA vector group (Fig. 1E). The 
overexpression or knock-down of MIR155HG was suc-
cessfully achieved in this experiment.

MIR155HG regulates MSCs through the NF‑κB pathway
We attempted to explore the molecular changes in MSCs 
under the impact of MIR155HG overexpression. Accord-
ing to literature and our previous studies, several path-
way proteins, including ERK, NF-κB p65, and mTOR, and 
their phosphorylated forms were screened out for the 
test. These pathways were widely involved in cell activity, 
apoptosis, tumor metastasis, and angiogenesis. As indi-
cated by the western blot, there was no significant change 
in the level of P-ERK/ERK (Fig.  2A, B) or P-mTOR/
mTOR (Fig.  2E, F). However, the phosphorylation level 
of NF-κB p65 was significantly increased by MIR155HG 
overexpression (p < 0.05, Fig. 2C, D).

The OE-MIR155HG group was treated with BMS-
345541 (NF-κB inhibitor, 5  μM) to confirm that 
MIR155HG could regulate the NF-κB pathway in MSCs. 
BMS-345541 abolished the increased phosphorylation 
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level of p65 caused by OE-MIR155HG (Fig. 2G, H). These 
results indicated that MIR155HG could regulate MSCs 
through the NF-κB pathway.

MIR155HG promotes the proliferation and migration 
of MSCs via the NF‑κB pathway
CCK-8 assay was applied to study the effect of 
MIR155HG on the viability of MSCs. The results indi-
cated that sh-MIR155HG significantly inhibited the 
viability of MSCs (Fig.  3A). OE-MIR155HG increased 
total cell viability, which was reduced by BMS-345541 
antagonizing the NF-κB pathway (Fig. 3B). The EdU assay 
suggested that sh-MIR155HG significantly inhibited 
the proliferation of MSCs (Fig.  3C, D). OE-MIR155HG 
promoted cell proliferation significantly. Besides, BMS-
345541 could reverse that role, which confirmed that the 
NF-κB pathway was involved in the regulatory process 
(Fig. 3E, F).

In addition, we observed the effect of MIR155HG 
on migration of MSCs. Transwell assay showed that 

OE-MIR155HG promoted the migration of MSCs, and 
NF-κB inhibitor could block the effect. NF-κB pathway 
regulated MIR155HG on the migration of MSCs (Fig. 4A, 
B). Flow cytometry indicated that CXCR4 expressed 
on the surface of MSCs was increased following OE-
MIR155HG (Fig.  4C, D), causing enhanced migration 
of MIR155HG-MSCs. Several articles suggested that 
CXCR4 was the primary molecule mediating MSCs 
migration [20, 21].

MIR155HG reduces oxidative stress‑induced apoptosis 
in MSCs via the NF‑κB pathway
We used hydrogen peroxide to simulate oxidative stress. 
Following treatment with  H2O2 of different concen-
trations for 12  h, the viability of MSCs was markedly 
decreased. CCK-8 assay displayed that the half-max-
imal inhibitory concentration (IC50) was 226.5  μM 
(Fig. 5A). Therefore, we chose 220 μM as the experimen-
tal concentration. Flow cytometry demonstrated that 
 H2O2-induced oxidative stress led to significant apoptosis 

Fig. 1 Characterization of MSCs and lentiviral transfection. A Cultured MSCs exhibited a fibroblast-like morphology. B Flow cytometric analysis of 
cultured cells with CD29, CD34, CD45, and CD90 anti-bodies. Results validated the mesenchymal origin of the cell population used in our study. 
C GFP-labeled MSCs showed green fluorescence under a fluorescent microscope. D Transfection efficiency of overexpression and knockdown 
lentivirus were qualified. E RT-PCR was used to evaluate the effect of MIR155HG overexpression and knockdown
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of MSCs. OE-MIR155HG could effectively relieve the 
apoptosis caused by oxidative stress. The protective role 
of OE-MIR155HG was reversed by BMS-345541, antago-
nizing the NF-κB pathway (Fig. 5B, C).

MSCs could secrete anti-apoptotic factors, such as hepat-
ocyte growth factor (HGF) and vascular endothelial growth 
factor (VEGF). Elisa assay showed that OE-MIR155HG 
significantly elevated the level of HGF and VEGF in super-
natant (Fig. 5D, E). MIR155HG regulated the secretion of 
pro-survival factors via the NF-κB pathway.

OE‑exosome could deliver lncRNA MIR155HG into HUVECs
Exosomes were extracted from the culture medium 
of MSCs. The exosome particles were typical saucer-
like shape under the transmission electron microscope 
(Fig.  6A). Western blot was used to identify exosome-
specific phenotypic markers CD63, CD81 and TSG101 
on the surface of the vesicles (Fig.  6B). Detection of 
nanoparticle size showed that the particle diameter was 
approximately 143.6  nm, consistent with exosome size 
(30–200 nm) (Fig. 6C). These results were consistent with 

Fig. 2 MIR155HG regulates MSCs through the NF-κB pathway. A Western blot analysis of P-ERK and ERK. B There was no significant difference 
in P-ERK/ERK expression between the two groups. C Western blot analysis of P-P65 and P65. D Phosphorylation level of p65 was significantly 
increased by MIR155HG overexpression (*p < 0.05). E Western blot analysis of P-mTOR and mTOR. F There was no significant difference in P-mTOR/
mTOR expression between the two groups. G Western blot analysis of phosphorylation levels of P65 with or without NF-κB inhibitor BMS-345541. H 
Phosphorylation level of P65 was significantly decreased by sh-MIR155HG. BMS-345541 abolished the increased level of P-P65 caused by MIR155HG 
overexpression (*p < 0.05)
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previous reports, and these vesicles were confirmed as 
exosomes of MSCs origin.

Exosomes are capable of delivering genetic materi-
als. Based on qRT-PCR, we observed that the RNA level 
of MIR155HG in exosomes derived from MIR155HG-
MSCs was 4.9-fold higher than that from control-MSCs 
(Fig. 6D). A similar genetic material change was observed 
in exosomes as in transfected MSCs. In the co-incu-
bation experiment, we observed that PKH67-labeled 
exosomes could fuse with the cell membrane and get 
inside HUVECs. Exosomes could be taken up apparently 
by HUVECs after 12  h (Fig.  6E). Furthermore, the level 
of MIR155HG in HUVECs treated with MIR155HG-
exosomes (OE-exo) was 2.1-fold higher than that with 
control-exosomes (Con-exo) (Fig.  6F). The results con-
firmed that exosomes derived from OE-MSCs could 
deliver MIR155HG into HUVECs.

OE‑exo promotes migration and reduces apoptosis 
of HUVECs
HUVECs were identified using CD31 staining (Fig. 7A). 
CCK-8 assay was used to investigate the effect of OE-exo 
on the cell viability of HUVECs. Compared with the Con-
exo group, the activity of HUVECs in OE-exo group was 

significantly enhanced. The activity of HUVECs in the sh-
exo group was reduced (Fig. 7B). In addition, we used a 
wound healing assay to observe the function of OE-exo 
on the migration of HUVECs. The results showed that 
OE-exo could promote the migration of HUVECs and 
accelerate endothelial healing (Fig. 7C, D).

The flow apoptosis assay showed that OE-exo signifi-
cantly alleviated apoptosis of HUVECs caused by oxida-
tive stress. However, the apoptosis was increased in the 
sh-exo group (Fig. 7E, F). We used western blot to inves-
tigate the molecular mechanism that led to these effects 
in HUVECs. The results showed that two anti-apoptotic 
proteins, including GNA12 and Bcl-2, were up-regulated 
in the OE-exo group. Furthermore, the pro-apoptotic 
proteins, including Bax and PDCD4, were down-regu-
lated (Fig. 7G–L).

Combined use of OE‑MSCs and OE‑exo significantly 
attenuates vein graft intimal hyperplasia
The autologous external jugular vein-abdominal aorta 
transplantation model in rats used in this experiment 
was skilled grasping. The external jugular vein was 
inserted into the infrarenal abdominal aorta in the same 
rat with the cuff technique (Fig.  8A). The model could 

Fig. 3 Effects of MIR155HG on cell viability and proliferation in MSCs. A sh-MIR155HG reduced cell viability significantly (*p < 0.05). B OE-MIR155HG 
promoted the viability of MSCs, and the NF-κB inhibitor could counteract that effect (*p < 0.05). C, D EDU assay showed that sh-MIR155HG inhibited 
the proliferation of MSCs (*p < 0.05). E, F OE-MIR155HG promoted the proliferation of MSCs, and the NF-κB inhibitor could counteract that effect 
(*p < 0.05)



Page 8 of 14Bai et al. Stem Cell Research & Therapy          (2022) 13:512 

well simulate autogenous vein intima hyperplasia clini-
cally after coronary artery bypass graft (CABG). After 
transfected MSCs and exosomes were injected into the 
rat model through the caudal vein, the fluorescence 
microscope was used to observe the homing of MSCs 
to vein graft. The number of OE-MSCs migrated to the 
intima of vein graft was significantly increased com-
pared to the control group (Fig. 8B, C). VG staining was 
performed to assess neointimal hyperplasia. The col-
lagen fibers were stained in red, and the muscles were 
stained in yellow. The results demonstrated that neoin-
tima of the OE-MSCs group was thinner than that of 
the Con-MSCs group. The effect of the OE-MSCs + OE-
exo group was better than that of the OE-MSCs group. 
Intimal hyperplasia in the grafted vein was significantly 
reduced in the OE-MSCs + OE-exo group (Fig. 8D, E).

Endothelial integrity of the vessel wall was detected 
using CD31 staining. The results showed that endothelial 

integrity was impaired in the untreated group. Endothe-
lial integrity was relatively better in the OE-MSCs + OE-
exo group (Fig.  9A, B). Besides, proliferation and 
inflammation were assessed using PCNA and NF-κB P65 
immunohistochemistry. The results showed that OE-
MSCs + OE-exo administration significantly decreased 
the level of PCNA-positive cells (Fig. 9C, D) and NF-κB 
P65-positive cells (Fig.  9E, F). These results confirmed 
that OE-MSCs + OE-exo could effectively attenuate 
vein graft intimal hyperplasia by protecting endothelial 
integrity, synchronously inhibiting cell proliferation and 
inflammatory infiltration.

Discussion
MSCs transplantation has been widely used to prevent 
atherosclerosis and promote angiogenesis in ischemic tis-
sues [22, 23]. Using the autologous vein transplantation 
model in rats, we have confirmed that transplanted MSCs 

Fig. 4 Effects of MIR155HG on migration in MSCs. A Representative transwell images of MSCs in 3 groups. B OE-MIR155HG promoted the 
migration of MSCs, and BMS-345541 could reverse that role (*p < 0.05). C, D The CXCR4 expression rate on the surface of MSCs was analyzed by flow 
cytometry. OE-MIR155HG promoted the expression of CXCR4 (*p < 0.05)
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could home to the intima of the grafted vein, repair vas-
cular endothelium and inhibit vascular remodeling [11]. 
However, some studies have reported that the homing or 
survival rate of transplanted MSCs was low, and the dif-
ferentiation was uncertain [24, 25]. Therefore, we modi-
fied and regulated MSCs with lncRNA to improve the 
migration and survival of MSCs, improving the therapeu-
tic effect of MSCs transplantation.

Increasing evidence has confirmed that lncRNA exerts 
suppressive or promotion effects regulating various bio-
logical processes. MIR155HG plays an essential role in 
hematopoiesis, inflammation, and tumorigenesis [26–
28]. To explore the biological activity of MIR155HG, we 
constructed MIR155HG up-regulated or down-regulated 
MSCs. The western blot results showed that MIR155HG 
could promote NF-κB P65 phosphorylation, suggesting 

that the NF-κB pathway was involved in MSCs regula-
tion by MIR155HG. Our previous experiments have con-
firmed that TNF-α promoted the survival and migration 
of MSCs under oxidative stress via the NF-κB pathway. 
Further, one study reported that NF-κB/MIR155HG had 
a mutual regulating relationship [29].

Through a series of cell function experiments, we 
found that OE-MIR155HG promoted cell viability, prolif-
eration, and migration of MSCs. These biological effects 
were all regulated by the NF-κB pathway.  H2O2-induced 
oxidative stress led to significant apoptosis of MSCs. 
OE-MIR155HG could relieve apoptosis significantly. 
This may be related to the up-regulation of pro-survival 
factors in MSCs. The experiments showed that OE-
MIR155HG significantly elevated the level of HGF and 
VEGF in the supernatant, confirming our hypothesis. 

Fig. 5 The anti-apoptosis role of MIR155HG on MSCs under oxidative stress. A CCK-8 assay displayed that the IC50 value of  H2O2 against MSCs was 
226.5 μM. B, C Flow cytometry revealed that OE-MIR155HG reduced oxidative stress-induced apoptosis in MSCs. NF-κB inhibitor could counteract 
that protective effect of MIR155HG on MSCs (*p < 0.05). D, E ELISA assay showed that MIR155HG promoted the secretion level of HGF and VEGF in 
the supernatant of MSCs (*p < 0.05)
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The BMS-345541 antagonizing NF-κB pathway reversed 
the protective role of OE-MIR155HG. Through these 
experiments, we found that MIR155HG was an impor-
tant lncRNA with a wide range of regulatory effects. 
MIR155HG could significantly improve cell function 
in many directions, including proliferation, migration, 
secretion, and anti-apoptosis.

MSCs are the preferable source of therapeutic 
exosomes [30]. Exosomes have been reported to play 
a significant role in the paracrine effects. Exosomes are 
capable of delivering genetic materials. We observed that 
the RNA level of MIR155HG in exosomes derived from 
MIR155HG-MSCs was 4.9-fold higher than that of the 
control-MSCs. Similar genetic material changes were 
observed in exosomes as in transfected MSCs. In addi-
tion, the level of MIR155HG in HUVECs treated with 

OE-exo was 2.1-fold higher than that of con-exo. The 
results confirmed that exosomes derived from MSCs 
could efficiently deliver genetic materials into HUVECs. 
In our experiment, OE-exo could promote the migration 
of HUVECs and alleviate its apoptosis. Besides, in the 
sh-exo group, the activity of HUVECs was reduced, and 
apoptosis was increased. The exosomes could transmit 
the overexpressed genetic materials into target cells. One 
study reported that MSCs-derived exosomal MALAT1 
could be transferred to osteoblasts and alleviate the 
symptoms of osteoporosis [31]. Therefore, we assume 
that it was not MIR155HG itself in sh-MIR155HG 
exosomes that affected the activity of HUVECs. Various 
miRNAs up-regulated by the ce-RNA mechanism may be 
the key to playing this role in sh-exo. There was sparse 
evidence on this. Through gene sequencing, we found 

Fig. 6 Characterization of exosomes derived from MSCs. A Electron microscope image of exosomes stained with uranyl acetate. The black arrow 
points to exosomes. B Exosomes were identified using CD63, TSG101, and CD81. C Particle diameter of the exosome was approximately 143.6 nm. D 
RT-PCR detected the level of MIR155HG in exosomes derived from sh-MSCs or OE-MSCs (*p < 0.05). E Exosomes were stained in green using PKH67. 
Exosomes could be taken up apparently by HUVECs after 12 h. F The MIR155HG level in HUVECs after exosome ingestion (*p < 0.05)
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that several miRNAs, including miR-133b, miR-206 and 
miR-675-3p, had significant negative feedback relation-
ships with MIR155HG. These miRNAs could inhibit 
cell migration and promote apoptosis [32–34]. We will 
continue to explore this regulatory mechanism in subse-
quent studies.

We constructed the rat model of autogenous vein 
transplantation to simulate the process of intima hyper-
plasia in patients undergoing CABG. We found that 

intima hyperplasia was significantly alleviated through 
injecting both OE-MSCs and OE-exo into autologous 
vein grafted rats. The number of OE-MSCs homed to 
the intima of vein graft was significantly increased com-
pared to the Con-MSCs group. The result suggested that 
OE-MSCs had a better home function in vivo. Part of the 
reason may be that MIR155HG enhances the migration 
ability of MSCs. Another reason may be that MIR155HG 
alleviates the apoptosis of MSCs in vivo. The fluorescence 

Fig. 7 Functional effects of OE-exo on HUVECs. A HUVECs were immune-stained with CD31 (red) and DAPI (purple). B CCK-8 assay showed that 
OE-exo promoted the viability of HUVECs, and sh-exo reduced cell viability (*p < 0.05). C, D OE-exo promoted migration of HUVECs, and sh-exo 
inhibited cell migration as demonstrated using wound healing assay (*p < 0.05). E, F Flow cytometry revealed that OE-exo reduced apoptosis of 
HUVECs induced by oxidative stress, and sh-exo aggravated apoptosis of HUVECs (*p < 0.05). G, H Representative western blots of Bax, GNA12, Bcl-2, 
and PDCD4 protein expression in HUVECs. I–L OE-exo up-regulated the expression of GNA12 and Bcl-2 in HUVECs. OE-exo reduced the expression 
of Bax and PDCD4 in HUVECs (*p < 0.05)
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intensity of CD31 was higher in the OE-MSCs + OE-exo 
group than Con-MSCs. Furthermore, the enhanced vas-
cular CD31 expression indicated greater intima integrity. 
Besides, the immunohistochemical test suggested that 
the expression of PCNA and NF-κB p65 in the vascular 
wall were significantly reduced in the OE-MSCs + OE-
exo group than Con-MSCs or OE-MSCs group. The 
NF-κB played an essential role in inflammation and cell 
proliferation [35, 36]. These data confirmed that OE-
MSCs + OE-exo could alleviate intimal hyperplasia by 
reducing cell proliferation and inflammatory response. 
The effect was better than using OE-MSCs alone. At 
present, no articles have been published about the com-
bined application of functionally improved stem cells and 
exosomes for treating intimal hyperplasia. We believe 

that this synergistic effect could achieve better therapeu-
tic outcomes.

Conclusion
In summary, we confirmed that lncRNA-MIR155HG 
could promote the proliferation, migration, secretion, and 
anti-apoptosis of MSCs. Meanwhile, the NF-κB pathway 
participated in the regulation process. Exosome derived 
from MIR155HG-MSCs could delivery MIR155HG into 
endothelial cells and further inhibit endothelial cell apop-
tosis. Combining MIR155HG-MSCs and exosomes rich 
in MIR155HG could play a synergistic role in attenuating 
vein graft intimal hyperplasia more effectively. Then, we 
could provide a theoretical basis for improving the surgi-
cal treatment of coronary heart disease.

Fig.8 Evaluation of MSCs homing and intimal thickness of vein graft. A Rat model of autogenous vein graft was established. The black arrow 
indicated the grafted vein, and the white arrow represented the abdominal aorta. B Representative images of GFP-MSCs homing to the graft 
vein endothelium. MSCs carrying GFP showed a green light under the fluorescence microscope. C Fluorescence intensity of homing MSCs was 
quantitatively analyzed (*p < 0.05). D Representative Van Gieson staining images of vein graft. The black arrow indicated the intima of the vein graft. 
E Quantitative analysis of vein graft intimal thickness (*p < 0.05)
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Abbreviation
MSCs: Mesenchymal stem cells; lncRNA: Long non-coding RNA; OE-MSCs: 
MSCs with overexpressed MIR155HG; OE-exo: MIR155HG-MSCs-derived 
exosomes; HUVECs: Human umbilical vein endothelial cells; CABG: Coronary 
artery bypass grafting; MIR155HG: MiR-155 host gene; DMEM: Dulbecco’s 
modified eagle medium; ECM: Endothelial cell medium; GFP: Green fluores-
cent proteins; MOI: Multiplicity of infection; PVDF: Polyvinylidene difluoride; 
VEGF: Vascular endothelium growth factor; HGF: Hepatocyte growth factor; 
VG: Van Gieson; PCNA: Proliferating cell nuclear antigen; IOD: Integral optical 
density.

Acknowledgements
Thanks for all the support and contributions of participants.

Author contributions
XB contributed to the conception and design, data analysis and manuscript 
writing; ZWQ and XZ contributed to data collection and analysis; XB, MZZ and 
ZZL performed the research; LNZ and GMS contributed to design, financial 
support and final approval of the manuscript. All authors read and approved 
the final manuscript.

Funding
This work was supported by National Natural Science Foundation of China 
(81873510); the Key Research Project of Shandong Province (2017GSF18146); 
and the Youth Foundation of Qilu Hospital of Shandong University 
(2019QLQN21).

Availability of data and materials
The data that support the findings of this study are available from the cor-
responding authors upon reasonable request.

Declarations

Ethics approval and consent to participate
All the experimental procedures were performed with the approval of 
the Ethical Committee of the Qilu Hospital of Shandong University (KYLL-
2021(KS)-976) and followed the Institutional Animal Care and Use Committee 
guidelines.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Cardiovascular Surgery, Qilu Hospital of Shandong University, 
Jinan 250012, China. 2 Thoracoscopy Institute of Cardiac Surgery, Shandong 
University, Jinan, China. 3 The Fifth People’s Hospital of Jinan, Jinan, China. 
4 Department of Immunology, School of Basic Medical Science, Shandong 
University, Jinan 250012, China. 

Fig. 9 Evaluation of endothelial integrity and inflammatory proliferation of vein graft. A Representative image of vein graft stained with CD31. 
B Quantitative analysis of the relative fluorescence intensity (*p < 0.05). C Representative image of vein graft stained with PCNA. D Quantitative 
analysis of C (*p < 0.05). E Representative image of vein graft stained with NF-κB P65. F Quantitative analysis of E (*p < 0.05)



Page 14 of 14Bai et al. Stem Cell Research & Therapy          (2022) 13:512 

Received: 10 April 2022   Accepted: 28 June 2022

References
 1. Wu BJ, Li Y, Ong KL, Sun Y, Johns D, Barter PJ, Rye KA. The cholesteryl ester 

transfer protein inhibitor, des-fluoro-anacetrapib, prevents vein bypass-
induced neointimal hyperplasia in New Zealand white rabbits. Sci Rep. 
2019;9(1):16183–91.

 2. Tianshu C, Congrong G, Zhiwei Z, Fei L, Ayu S, Yuanbiao Z, Jing C, Ge J. 
Rapamycin combined with α-cyanoacrylate contributes to inhibiting 
intimal hyperplasia in rat models. Arq Bras Cardiol. 2019;112(1):3–10.

 3. Dai C, Zhou Y, Zhang B, Ge J. Bletilla striata polysaccharide prevents 
restenosis of vein graft through inhibiting cell proliferation in rat model. 
Cell Transplant. 2020;29(11):1–11.

 4. Baganha F, de Jong A, Jukema JW, Quax PHA, de Vries MR. The role of 
immunomodulation in vein graft remodeling and failure. J Cardiovasc 
Transl Res. 2021;14(1):100–9.

 5. Liu Z, Wu C, Zou X, Shen W, Yang J, Zhang X, Hu X, Wang H, Liao Y, Jing 
T. Exosomes derived from mesenchymal stem cells inhibit neointimal 
hyperplasia by activating the Erk1/2 signalling pathway in rats. Stem Cell 
Res Ther. 2020;11(1):220–33.

 6. Zhang H, Yang Z, Wang J, Wang X, Zhao Y, Zhu F. Wall shear stress 
promotes intimal hyperplasia through the paracrine  H2O2-mediated 
NOX-AKT-SVV axis. Life Sci. 2018;207(8):61–71.

 7. Wang P, Liu J, Luo X, Xiong P, Gao S, Yan J, Li Y, Cheng Y, Xi T. A tannic acid-
modified fluoride pre-treated Mg-Zn-Y-Nd alloy with antioxidant and 
platelet-repellent functionalities for vascular stent application. J Mater 
Chem B. 2019;7(46):7314–25.

 8. Issa Bhaloo S, Wu Y, Le Bras A, Yu B, Gu W, Xie Y, Deng J, Wang Z, Zhang 
Z, Kong D, Hu Y, Qu A, Zhao Q, Xu Q. Binding of Dickkopf-3 to CXCR7 
enhances vascular progenitor cell migration and degradable graft regen-
eration. Circ Res. 2018;123(4):451–66.

 9. Guillamat-Prats R. The role of MSC in wound healing. Scarring Regen 
Cells. 2021;10(7):1729–43.

 10. Liau LL, Looi QH, Chia WC, Subramaniam T, Ng MH, Law JX. Treat-
ment of spinal cord injury with mesenchymal stem cells. Cell Biosci. 
2020;10(9):112–28.

 11. Bai X, Xi J, Bi Y, Zhao X, Bing W, Meng X, Liu Y, Zhu Z, Song G. TNF-alpha 
promotes survival and migration of MSCs under oxidative stress via NF-
kappaB pathway to attenuate intimal hyperplasia in vein grafts. J Cell Mol 
Med. 2017;21(9):2077–91.

 12. Peng L, Chen Z, Chen Y, Wang X, Tang N. MIR155HG is a prognostic 
biomarker and associated with immune infiltration and immune 
checkpoint molecules expression in multiple cancers. Cancer Med. 
2019;8(17):7161–73.

 13. Wu W, Yu T, Wu Y, Tian W, Zhang J, Wang Y. The miR155HG/miR-185/
ANXA2 loop contributes to glioblastoma growth and progression. J Exp 
Clin Cancer Res. 2019;38(1):133–46.

 14. Shen L, Li Y, Hu G, Huang Y, Song X, Yu S, Xu X. MIR155HG knockdown 
inhibited the progression of cervical cancer by binding SRSF1. Onco 
Targets Ther. 2020;13(11):12043–54.

 15. Ren XY, Han YD, Lin Q. Long non-coding RNA MIR155HG knockdown sup-
presses cell proliferation, migration and invasion in NSCLC by upregulat-
ing TP53INP1 directly targeted by miR-155-3p and miR-155-5p. Eur Rev 
Med Pharmacol Sci. 2020;24(9):4822–35.

 16. Li B, Luan S, Chen J, Zhou Y, Wang T, Li Z, Fu Y, Zhai A, Bi C. The MSC-
derived exosomal lncRNA H19 promotes wound healing in diabetic foot 
ulcers by upregulating PTEN via microRNA-152-3p. Mol Ther Nucleic 
Acids. 2020;19(3):814–26.

 17. Che Y, Shi X, Shi Y, Jiang X, Ai Q, Shi Y, Gong F, Jiang W. Exosomes derived 
from miR-143-overexpressing MSCs inhibit cell migration and invasion in 
human prostate cancer by downregulating TFF3. Mol Ther Nucleic Acids. 
2019;18(12):232–44.

 18. Peng Y, Zhao JL, Peng ZY, Xu WF, Yu GL. Exosomal miR-25-3p from 
mesenchymal stem cells alleviates myocardial infarction by targeting 
pro-apoptotic proteins and EZH2. Cell Death Dis. 2020;11(5):317–31.

 19. Tang J, Jin L, Liu Y, Li L, Ma Y, Lu L, Ma J, Ding P, Yang X, Liu J, Yang 
J. Exosomes derived from mesenchymal stem cells protect the 

myocardium against ischemia/reperfusion injury through inhibiting 
pyroptosis. Drug Des Dev Ther. 2020;14(9):3765–75.

 20. Zhu J, Liu Y, Chen C, Chen H, Huang J, Luo Y, Zhao K, Chen D, Xu Z, Li W, 
Zhang X, Xiong Y, Xu L, Wang B. Cyasterone accelerates fracture healing 
by promoting MSCs migration and osteogenesis. J Orthop Translat. 
2021;28(2):28–38.

 21. Morein D, Erlichman N, Ben-Baruch A. Beyond cell motility: the expand-
ing roles of chemokines and their receptors in malignancy. Front Immu-
nol. 2020;11(6):952–71.

 22. Meng X, Zheng M, Yu M, Bai W, Zuo L, Bu X, Liu Y, Xia L, Hu J, Liu L, Li J. 
Transplantation of CRISPRa system engineered IL10-overexpressing bone 
marrow-derived mesenchymal stem cells for the treatment of myocardial 
infarction in diabetic mice. J Biol Eng. 2019;13(5):49–60.

 23. Mahdavi Gorabi A, Banach M, Reiner Ž, Pirro M, Hajighasemi S, Johnston 
TP, Sahebkar A. The role of mesenchymal stem cells in atherosclerosis: 
prospects for therapy via the modulation of inflammatory milieu. J Clin 
Med. 2019;8(9):1413–35.

 24. Jiang Y, Zhang P, Zhang X, Lv L, Zhou Y. Advances in mesenchymal 
stem cell transplantation for the treatment of osteoporosis. Cell Prolif. 
2021;54(1):e12956.

 25. Hu C, Wu Z, Li L. Pre-treatments enhance the therapeutic effects of mes-
enchymal stem cells in liver diseases. J Cell Mol Med. 2020;24(1):40–9.

 26. Wu X, Wang Y, Yu T, Nie E, Hu Q, Wu W, Zhi T, Jiang K, Wang X, Lu X, Li H, 
Liu N, Zhang J, You Y. Blocking MIR155HG/miR-155 axis inhibits mesen-
chymal transition in glioma. Neuro Oncol. 2017;19(9):1195–205.

 27. Niu L, Lou F, Sun Y, Sun L, Cai X, Liu Z, Zhou H, Wang H, Wang Z, Bai 
J, Yin Q, Zhang J, Chen L, Peng D, Xu Z, Gao Y, Tang S, Fan L, Wang H. 
A micropeptide encoded by lncRNA MIR155HG suppresses autoim-
mune inflammation via modulating antigen presentation. Sci Adv. 
2020;6(21):eaaz2059.

 28. Cui W, Meng W, Zhao L, Cao H, Chi W, Wang B. TGF-β-induced long non-
coding RNA MIR155HG promotes the progression and EMT of laryngeal 
squamous cell carcinoma by regulating the miR-155-5p/SOX10 axis. Int J 
Oncol. 2019;54(6):2005–18.

 29. Li J, Zhang X, Wang T, Li J, Su Q, Zhong C, Chen Z, Liang Y. The MIR155 
host gene/microRNA-627/HMGB1/NF-κB loop modulates fibroblast pro-
liferation and extracellular matrix deposition. Life Sci. 2021;269(3):119085.

 30. Ha DH, Kim HK, Lee J, Kwon HH, Park GH, Yang SH, Jung JY, Choi H, Lee JH, 
Sung S, Yi YW, Cho BS. Mesenchymal stem/stromal cell-derived exosomes 
for immunomodulatory therapeutics and skin regeneration. Cells. 
2020;9(5):1157–201.

 31. Yang X, Yang J, Lei P, Wen T. LncRNA MALAT1 shuttled by bone marrow-
derived mesenchymal stem cells-secreted exosomes alleviates osteopo-
rosis through mediating microRNA-34c/SATB2 axis. Aging (Albany NY). 
2019;11(20):8777–91.

 32. Zhang T, Qian Y, Yuan C, Wu Y, Qian H, Lu H, Hu C, Li W. Propranolol sup-
presses proliferation and migration of HUVECs through regulation of the 
miR-206/VEGFA axis. Biomed Res Int. 2021;2021(10):7629176.

 33. He D, Wang J, Zhang C, Shan B, Deng X, Li B, Zhou Y, Chen W, Hong J, Gao 
Y, Chen Z, Duan C. Down-regulation of miR-675-5p contributes to tumor 
progression and development by targeting pro-tumorigenic GPR55 in 
non-small cell lung cancer. Mol Cancer. 2015;14(4):73–86.

 34. Guo Y, Lu G, Mao H, Zhou S, Tong X, Wu J, Sun Q, Xu H, Fang F. miR-133b 
suppresses invasion and migration of gastric cancer cells via the COL1A1/
TGF-β axis. Onco Targets Ther. 2020;13(8):7985–95.

 35. Li W, Du D, Li Y. Id-1 promotes reendothelialization in the early phase after 
vascular injury through activation of NFκB/survivin signaling pathway. 
Drug Des Dev Ther. 2019;13(10):3799–811.

 36. Jimi E, Fei H, Nakatomi C. NF-κB signaling regulates physiological and 
pathological chondrogenesis. Int J Mol Sci. 2019;20(24):6275–85.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.


	The effect of lncRNA MIR155HG-modified MSCs and exosome delivery to synergistically attenuate vein graft intimal hyperplasia
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusion: 

	Background
	Materials and methods
	Cell culture and characterization
	Lentiviral vector transfection
	Chemical treatment
	Cell viability assay
	Cell proliferation assay
	Quantitative real-time PCR (qRT-PCR)
	Western blot
	Migration assay
	Cell-surface phenotype analysis
	Cell apoptosis
	ELISA assay
	Extraction and identification of exosomes derived from MSCs
	Vein grafting models
	Histological examination
	Immunofluorescence microscopy
	Statistical analysis

	Results
	Characterization of MSCs and lentiviral transfection of lncRNA MIR155HG
	MIR155HG regulates MSCs through the NF-κB pathway
	MIR155HG promotes the proliferation and migration of MSCs via the NF-κB pathway
	MIR155HG reduces oxidative stress-induced apoptosis in MSCs via the NF-κB pathway
	OE-exosome could deliver lncRNA MIR155HG into HUVECs
	OE-exo promotes migration and reduces apoptosis of HUVECs
	Combined use of OE-MSCs and OE-exo significantly attenuates vein graft intimal hyperplasia

	Discussion
	Conclusion
	Acknowledgements
	References


