
Vol.:(0123456789)1 3

https://doi.org/10.1007/s00441-020-03319-1

REGULAR ARTICLE

TGF‑β1‑modified MSC‑derived exosomal miR‑135b attenuates 
cartilage injury via promoting M2 synovial macrophage polarization 
by targeting MAPK6

Rui Wang1 · Bin Xu1 

Received: 14 July 2020 / Accepted: 6 October 2020 
© Springer-Verlag GmbH Germany, part of Springer Nature 2021

Abstract
Osteoarthritis (OA) is the most common joint disease with an unsatisfactory therapy outcome and characterized by the deg-
radation of articular cartilage and synovial inflammation. Here, we isolated bone marrow mesenchymal stem cells (BMSCs) 
from rat’s bone marrow and BMSC-derived exosome (BMSCs-Exo) from BMSCs successfully. MiR-135b was proved to be 
highly expressed in TGF-β1-stimulated BMSC-derived exosomes (BMSCs-ExoTGF-β1). Then, our results demonstrated that 
BMSCs-ExoTGF-β1 reduced OA-induced upregulation of pro-inflammatory factors in rat’s serum and damage in cartilage 
tissues, which was then reversed by miR-135b decreasing. Subsequently, we found that the OA-resulted M1 polarization of 
synovial macrophages (SMs) was repressed by BMSCs-ExoTGF-β1, this effect of BMSCs-ExoTGF-β1 was limited by miR-135b 
decreasing. We also proved that M2 polarization of SMs can be induced by miR-135b mimics. Furthermore, we found that 
the promotory effect of miR-135b and BMSCs-ExoTGF-β1 on M2 SMs polarization was reversed by increasing of MAPK6. 
Overall, our data showed that BMSCs-ExoTGF-β1 attenuated cartilage damage in OA rats through carrying highly expressed 
miR-135b. Mechanistically, miR-135b promoted M2 polarization of SMs through targeting MAPK6, thus improving car-
tilage damage. Our study provided a novel regulatory mechanism of BMSCs-Exo in OA development and revealed a new 
potential treatment target of OA.
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Abbreviations
BMSCs	� Bone marrow-derived MSCs
BMSC-Exo	� BMSCs-derived exosome
BMSC-ExoPBS	� PBS-stimulated BMSC-

derived exosome
BMSC-ExoTGF-β1	� TGF-β1-treated BMSC-

derived exosome
INC-BMSC-ExoTGF-β1	� Inhibitor NC together with 

TGF-β1-treated BMSC-
derived exosome

MiR-135bI-BMSC-ExoTGF-β1	�MiR-135b inhibitor together 
with TGF-β1-stimulated 
BMSC-derived exosome

MSCs	� Mesenchymal stem cells

 
NTA	� Nanoparticle tracking 

analysis
OA	� Osteoarthritis
SMs	� Synovial macrophages
TEM	� Transmission electron 

microscope
TGF-β1	� Transforming growth factor 

β1

Introduction

Osteoarthritis (OA) is a most common chronic and 
painful disorder in joints and characterized by the 
damage of cartilage, formation of osteophyte, infiltration 
of inflammatory cells, and remodeling in subchondral 
bone (Mianehsaz et  al. 2019; Miller and Scanzello 
2019). Currently, the prevalence of OA is approximately 
15% globally and may be up to 35% in 2030  years, 
thus becomes a major cause of disability. However, the 
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purpose of OA treatment in clinical is to attenuate the 
pain in patients as much as possible instead of repairing 
the damaged cartilage tissues, which mainly due to the 
lack of effective drugs (Kim and Yoo 2018; Oo et al. 
2018). Therefore, it is necessary to explore the molecular 
mechanism of OA occurrence and development, thus 
providing a new therapy target of OA.

Although inflammation is a cause of OA or the result of 
OA remains unclear, the crucial role of it in OA development 
is ensured (Robinson et  al. 2016).  A  large quantity of 
inflammatory cells infiltrate to synovial tissues in OA 
patients and animal model. Among these inflammatory cells, 
synovial macrophages (SMs) are an important component 
(Xie et al. 2019). It was confirmed that macrophage could 
differentiate into two types: classically activated M1 
macrophage and alternatively activated M2 macrophage.  
These two types of macrophages have opposite function in 
the development of inflammation. M1 macrophage acted as 
pro-inflammatory cells, and M2 macrophage served as anti-
inflammatory cells (Ma et al. 2017; Murray et al. 2014). 
Recently, Zhang et al. pointed out that M1 rather than M2 
macrophages accumulate in synovial tissues of human and 
OA mouse and M1-polarized SMs facilitate the development 
of experimental OA. In addition, they also proved that 
M2-polarized SMs could prevent the development of 
OA (Zhang et al. 2018). Hence, exploring the regulatory 
mechanism of M1-polarized to M2-polarized SM conversion 
may offer a potential method to OA treatment.

Mesenchymal stem cells (MSCs), a type of multi-
potent cells, were widely used to treat multiple disorders 
because of their capacity of self-renewal and the potential to 
differentiate into multiple lineages (Geng et al. 2020; Goradel 
et al. 2018; Mirzaei et al. 2018a, 2018b; Moradian Tehrani 
et al. 2018). It was revealed that the activity of chondrocytes 
and synoviocytes are decreased by SMs from OA patients, 
and human amniotic-derived MSCs could effectively reduce 
the damage in cartilage tissue mediated by SMs (Topoluk 
et al. 2018). Exosomes are the important messenger between 
different cells; a growing data demonstrated that MSCs 
could repress the development of disorders via secreting 
exosomes which carry proteins, miRNAs, long non-coding 
RNAs, or other small molecules (Fang et al. 2020). In our 
previous study, we found that transforming growth factor 
β1 (TGF-β1)-overexpressed MSCs could notably encourage 
the proliferation of chondrocyte through secreting exosomes 
which highly expressed miR-135b (Wang et al. 2018b). In 
addition, a recent study revealed that exosomes promote M1 
macrophage to M2 macrophage conversion, thus suppressing 
the development of disease (Kim et al. 2019).

Mitogen-activated protein kinase 6 (MAPK6) is an 
important member of MAPK family, and participates in 
multiple cellular events (Hu et al. 2018). The results of 
bioinformatics analysis showed that there is a binding site 

to miR-135b on MAPK3 3′-UTR. Hence, in the present 
study, we further explored the role and mechanism of 
action of MSC-derived exosome in the degradation of 
cartilage tissues in OA and found that TGF-β1-stimulated 
bone marrow-derived MSC-secreted exosomes could 
effectively attenuate cartilage damage through promotion 
of M2 polarization of SMs via carrying highly expressed 
miR-135b and subsequent repressing MAPK6 expression. 
Our data confirmed a new regulatory mechanism of MSC-
derived exosomes and miR-135b in the development of OA 
and indicated a potential therapy strategy.

Materials and methods

Animals

Twelve-week-old SD rats (300~330  g weight) were 
purchased from Shanghai experimental animal research 
center (Shanghai, China) and were raised in a standard 
environment with 12 h light/12 h dark cycle, and sufficient 
food and water. Three- to five-day-old newborn rats were 
used to prepare bone marrow-derived MSCs (BMSCs). 
All animal experiments were carried out according to the 
guidelines of the Care and Use of Laboratory Animals of the 
National Institutes of Health, and all experimental protocols 
were approved by the Animal Research Committee of First 
Affiliated Hospital of Anhui Medical University.

Culture of primary bone‑derived MSCs

Primary BMSCs were collected from the bone marrow of 
newborn rats as previous study (Hou et al. 2018). In brief, rats’ 
femurs were removed under aseptic conditions, and then were 
washed using PBS solution for three times. Next, α-minimum 
essential medium (α-MEM, Gibco, Invitrogen, Carlsbad, CA, 
USA), which supplemented with 10% fetal bovine serum (FBS, 
Gibco), 100 U/ml penicillin (Sigma-Aldrich, St. Louis, MO), 
and 100 µg/ml streptomycin (Sigma-Aldrich), was used to rinse 
the bone cavity at longitudinal direction for 20 times. Then, the 
rinse solution was filtered through a 200-mesh sieve followed 
by culturing in an incubator with 37 °C and 5% CO2. The old 
medium was changed at 12 h later for incubation to remove 
the unattached cells. After that, the cell culture medium was 
updated once every 3 days. Finally, the cellular morphology 
of BMSCs was verified using a light microscope, and the 
expression of BMSC surface markers was identified using flow 
cytometry. BMSCs express high levels of CD29, CD44, and 
CD90 and low levels of CD11b, CD34, and CD45. According 
to the necessity of our study, 10 ng/ml TGF-β1 and equal 
volume of PBS were used to treat BMSCs for 24 h.
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Flow cytometry assay

Flow cytometry was carried out to identify the BMSCs 
and ensure the percentage of CD86- and CD163-positive 
SMs. Here, 100-μl cell suspension of BMSCs or SMs, 
which contain about 5.0 × 105 cells, was added into a new 
EP tube, and then incubated with antibodies (Santa Cruz 
Biotech, Santa Cruz, CA, USA) including fluorescein 
isothiocyanate (FITC)-labeled CD11b, CD34, CD45, or 
CD86, phycoerythrin (PE)-labeled CD29, CD44, CD90, or 
CD163 in the dark at 4 °C for 30 min. At last, the cells were 
analyzed using a BD FACSCalibur flow cytometer.

Exosome isolation and identification

Exosome extraction kit (Geneseed, Guangzhou, China) was 
utilized to collect exosomes from the cell culture supernatant 
of BMSCs following the manufacturer’s instruction. 
Transmission electron microscope (TEM) was used to detect 
the shape of exosome, nanoparticle tracking analysis (NTA) 
was utilized to analyze the diameter and concentration of 
exosomes, and Western blotting assay was performed to 
measure the marker protein expression of exosomes, which 
were used to identify exosomes.

Western blotting assay

Total RNA  were  extracted from cells and exosomes 
using RIPA lysis buffer (Beyotime, Beijing, China), and 
the concentration of protein was ensured using a Thermo 
Scientific NanoDrop 2000 Spectrophotometer. Next, equal 
amount of 20  μg proteins was separated by 12% SDS-
PAGE gel and subsequently transferred onto polyvinylidene 
difluoride membranes (PVDF, Millipore, Bedford, MA). 
After incubation with 5% non-fat milk for 1 h at room 
temperature, the PVDF membranes were maintained with 
primary antibodies against CD9 (1:1000, Santa Cruz 
Biotech, USA), CD81 (1:1000, Santa Cruz Biotech), 
MAPK6 (1:2000, Abcam, Cambridge, MA, USA), SOX9 
(1:2000, Santa Cruz Biotech), Aggrecan (1:2000, Santa Cruz 
Biotech), and β-actin (1:2000, Abcam) at 4 °C overnight. 
After that, the PVDF membranes were incubated with HRP-
conjugated secondary antibody (Santa Cruz Biotech) for 
1 h at room temperature. At last, the protein bands were 
visualized using an ECL kit (Santa Cruz Biotech), and then 
analyzed using ImageJ software.

QRT‑PCR assay

Total RNA were isolated from cells and exosomes utilizing 
TRIzol reagent (Invitrogen) according to the manufacturer’s 
protocol followed by reverse transcripted into cDNA using 
the SuperScript First Strand Synthesis System (Invitrogen). 

After that, the qRT-PCR was carried out using SYBR® 
Premix Ex Taq™ II (TaKaRa Biotechnology, Dalian, 
China) on the CFX96 real-time qPCR instrument (Bio-
Rad, Hercules, CA, USA) as the introductions. The relative 
expression of genes was calculated as the method of 2−ΔΔCt. 
GAPDH was served as the internal reference of mRNA, 
and the expression of miR-135b was normalized to U6. 
The primer sequences we used are as follows: miR-135b: 
forward: 5′-GGT​ATG​GCT​TTT​CAT​TCC​T-3′ and reverse: 
5′-CAG​TGC​GTG​TCG​TGG​AGT​-3′; U6: forward: 5′-CTC​
GCT​TCG​GCA​GC ACA-3′ and reverse: 5′-AAC​GCT​TCA​
CGA​ATT​TGC​GT-3′; Arg-1 mRNA: forward: 5′-TGG​ACT​
GGA​CCC​AGT​ATT​CA-3′ and reverse: 5′-CCC​AAG​AGT​
TGG​GTTCA CTT-3′; iNOS mRNA: forward: 5′-GAG​ACA​
GGA​AAG​TCG​GAA​GC-3′ and 5′-GT GTT​GAA​GGC​GTA​
GCT​GAA​-3′; MAPK6 mRNA: forward: 5′-TAA​AGC​CAT​
TGA​ CAT​GTG​GG-3′ and reverse: 5′-TCG​TGC​ACA​ACA​
GGG​ATA​GA-3′; GAPDH: forward: 5′-TCT​CCC​TCA​CAA​
TTTCC ATCCC-3′ and reverse: 5′-TTT​TTG​TGGGT GCA​
GCG​AAC-3’.

Cell transfection

Inhibitor negative control (INC), miR-135b inhibitor (miR-
135bI), miR-135b mimic, and mimic negative control 
(mimic NC) were obtained from RiboBio. The full sequences 
of MAPK6 gene were inserted into the plasmid pcDNA to 
structure the overexpression system of MAPK6 (pcDNA-
MAPK6), and then, pcDNA-MAPK6 was transfected into 
SMs together with miR-135b mimic or exosomes. MiR135b 
mimics: sense: 5′-ACA​UAG​GAA​UGA​AAA​GCC​AUATT-3′ 
and antisense: 5′-UAU​GGC​UU UUC​AUU​CCU​AUG​UGA-
3′. In brief, the cells were planted into six-well plates with a 
density of 1 × 106 cells/well, and then, cell transfection was 
performed when the cells paved 70~80%. In brief, INC, miR-
135bI, miR-135b mimic, mimic NC, and pcDNA-MAPK6 
were mixed with Lipofectamine 2000 transfection reagent 
(Gibco Life Technology, Grand Island, NY) according to 
the manufacturer’s introduction. Next, these mixtures were 
incubated with the cells for 6 h at 37 °C. At 24 h later, the 
following experiments were done.

OA rat model and experimental group

The OA rat model was prepared as our previous study 
(Wang, Xu and Xu, 2018b). In brief, the medial collateral 
ligament and the medial meniscus were removed completely. 
Subsequently, under the premise that the tibial surface of 
rat not be damaged, we cut the meniscus at the narrowest 
point, and then broken the anterior cruciate ligament. At last, 
0.05 mg/kg buprenorphine and 5 mg/kg gentamicin were 
injected into rats to attenuate the pain in animals.
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Next step, according to the necessity of our study, the SD 
rats were randomly divided into six groups (n = 6 in each 
group): sham group, OA group, OA + BMSC-ExoPBS group, 
OA + BMSC-ExoTGF-β1 group, OA + INC-BMSC-ExoTGF-β1 
group, and OA  +  miR-135bI-BMSC-ExoTGF-β1 group. 
In OA + BMSC-ExoPBS group, OA + BMSC-ExoTGF-β1 
group, OA + INC-BMSC-ExoTGF-β1 group, and OA + miR-
135bI-BMSC-ExoTGF-β1 group, the rats were injected with 
100 μl exosomes through articular cavity, 1 × 1011 exosome 
particles/ml. Here, BMSC-Exo: BMSC-derived exosome; 
BMSC-ExoPBS: PBS-stimulated BMSC-derived exosome; 
BMSC-ExoTGF-β1: TGF-β1-treated BMSC-derived exosome; 
INC-BMSC-ExoTGF-β1: inhibitor NC together with TGF-
β1-treated BMSC-derived exosome; miR-135bI-BMSC-
ExoTGF-β1: miR-135b inhibitor together with TGF-β1-
stimulated BMSC-derived exosome.	

ELISA assay

The rats were anesthetized using 3% pelltobarbitalum 
natricum (50 mg/kg) and then abdominal aortic blood. The 
concentrations of IL-1β, PGE2, COX-2, COX-1, and NO in 
rat’s serum were determined using ELISA assay. Rat IL-1β, 
PGE2, COX-2, COX-1, and NO immunoassay kits were 
obtained from CusaBio (Wuhan, China), and the ELISA 
assay was carried out as the specific introduction. At last, 
the concentration of these factors was examined using an 
HT Microplate Reader (BioTek, Winooski, VT, USA) at the 
absorbance of 450 nm.

H&E staining and saffron‑O‑solid green staining

The pathological change in cartilage tissue of rats and the 
degradation of the tissues were ensured by H&E staining 
and saffron-O-solid green staining, respectively. Paraffin-
embedded cartilage tissues were cut into 4-μm sections 
continuously, and then, the sections were dewaxed and 
subsequently hydrated. Then, H&E staining and saffron-
O-solid green staining were completed using Hematoxylin-
Eosin/HE Staining Kit (Solarbio) and Modified Safranine 
O-Fast Green FCF Cartilage Stain Kit (Solarbio) according 
to the manufacturer’s introductions, respectively.

Immunocytochemistry assay

Immunocytochemistry assay was performed to examine 
the cell number of CD86-positive and CD163-positive 
macrophages in synovial tissue. Paraffin sections were 
successively incubated with dewaxed, hydrated, EDTA 
antigen retrieval solution (Solarbio) for 10 min at 95 °C, 
3% H2O2 for 15  min at room temperature, primary 
antibodies against CD86 (1:1000) and CD163 (1:1000) at 
4 °C overnight, and HRP-conjugated secondary antibody 

for 30  min at 37  °C. Subsequently, the sections were 
stained with DAB solution (Solarbio) for 5 min, and then, 
hematoxylin solution was used to mark the nuclear of cells 
for 1 min. At last, the images of tissues were obtained 
using a light microscope.

Synovial macrophage preparation

Primary rat SMs were collected from the synovium 
of normal rats. Synovial tissues were removed and 
subsequently washed utilizing PBS solution for three times. 
Next, the tissues were cut into pieces of 2–3 mm2, and then 
maintained with 0.1% collagenase type II (Sigma-Aldrich) 
for 30 min at 37 °C temperature. After that, mononuclear 
cells were maintained with PBS buffer which contains 
the biotinylated anti-F4/80 antibody at 4 °C for 30 min. 
Followed by mixing with streptavidin-labeled magnetic 
particles (BD IMag Streptavidin Particles Plus-DM; BD 
Biosciences, Tokyo, Japan), the cells were added into 
an IMag separation system (BD Biosciences) for 30 min 
at 4 °C followed by 37 °C pre-warmed DMEM that was 
added into this system, and subsequently removed the tube 
and added DMEM into this tube to obtain F4/80-positive 
cells which were then centrifuged at 300g for 10 min. The 
precipitate was collected and cultured in a six-well plate. 
When testing, 1 μg/ml LPS (Sigma-Aldrich) was used to 
activate SM and induced its polarization.

Luciferase activity assay

The 3′-UTR fragments of MAPK6, which contain the wide-
type (WT) or mutational (Mut) binding sites with miR-135b, 
were sub-cloned through PCR, and then, the gene sequences 
were inserted into a luciferase reporter gene vector PGL3 
to form PGL3-MAPK6-WT and PGL3-MAPK6-Mut. Next 
step, the plasmid of PGL3-MAPK6-WT or PGL3-MAPK6-
Mut was transfected into HEK293 cells together with miR-
135b mimic or mimic NC using Lipofectamine 2000. At 
48 h later, the luciferase activity of cells was measured using 
the Dual-Glo™ Luciferase Assay system (Promega, USA).

Statistical analysis

In this present study, all data were presented as mean ± 
standard deviation (SD). The software of SPSS 20.0 
(SPSS, Chicago, USA) was utilized to analyze the results 
of our study. Student’s t test was performed to analyze 
the difference between two independent groups, and the 
differences between groups were ensured using one-way 
ANOVA method. Moreover, the differences were considered 
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as statistically significant when the value of P was less than 
0.05.

Results

Identification of BMSCs

On the beginning, primary BMSCs were isolated from the 
bone marrow of newborn rats. Flow cytometry was carried 
out to detect the expression of surface markers of BMSCs 
(CD11b, CD34, CD45, CD29, CD44, and CD90). As shown 
in supplementary Fig. 1, approximately 94% of cells expressed 
CD29 (f), CD44 (j), and CD90 (k), which were recognized 
as the markers of mesenchymal lineage. Approximately 
0.5% of cells expressed CD11b (b), CD34 (c), and CD45 
(d), which were recognized as the markers of hematopoietic 
lineage. Meantime, the fibroblast-like shape of BMSCs was 
observed under a light microscope (supplementary Fig. 1i). 
Subsequently, ability of BMSC differentiation into osteogenic 
(supplementary Fig. 1m) and adipogenic (supplementary 

Fig. 1n) lineages were ensured using alizarin red S staining 
and Oil red O staining, respectively. We obtained the BMSCs 
from rat’s bone marrow successfully.

MiR‑135b was increased in TGF‑β1‑modified 
BMSC‑derived exosomes

BMSCs were stimulated with PBS and TGF-β1, respec-
tively. At 24 h later, PBS-stimulated BMSC-derived exosome 
(BMSC-ExoPBS) and TGF-β1-stimulated BMSC-derived exo-
some (BMSC-ExoTGF-β1) were collected from cell superna-
tants, and then, the cup- or round-shaped morphology of the 
exosomes was identified using TEM (Fig. 1a). At the same 
time, the average diameter of exosomes at 100 nm was ensured 
by NTA (Fig. 1b). Besides, we also found that the charac-
teristic markers of exosomes, CD9 and CD81, expressed in 
BMSC-ExoPBS and BMSC-ExoTGF-β1 (Fig. 1c). After that, 
we examined the expression of miR-135b. QRT-PCR results 
indicated that miR-135b was increased in BMSC-ExoTGF-β1 
(Fig. 1d). We successfully obtained the BMSCs-Exo, and 
proved the overexpressed miR-135b in BMSC-ExoTGF-β1.

Fig. 1   MiR-135b was upregulated in BMSC-ExoTGF-β1. a  The shape 
of exosomes was ensured using TEM. b  The average diameter of 
exosomes was examined using NTA. c The expression of exosome 
markers, CD9 and CD81, was measured utilizing Western blotting 

assay. d  qRT-PCR was carried out to detect the expression of miR-
135b both in BMSC-ExoPBS and BMSC-ExoTGF-β1. **P < 0.01 con-
trasted to BMSC-ExoPBS group
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BMSC‑ExoTGF‑β1 attenuated injury and promoted 
repair of cartilage tissues in OA rats via secreting 
miR‑145b

To investigate the effect of BMSC-ExoTGF-β1 on cartilage 
injury and repair in OA, we established the OA rat model, 
which was then treated with BMSC-ExoPBS, BMSC-
ExoTGF-β1, INC-BMSC-ExoTGF-β1, or miR-135bI-BMSC-
ExoTGF-β1. Firstly, our data showed that the expression 
of miR-135b was significantly downregulated in miR-
135bI-BMSC-ExoTGF-β1 group due to miR-135b inhibitor 
treatment (Fig. 3a). Next, ELISA results demonstrated 
that the production of inflammatory factors (IL-1β, 
PGE2, COX-2, COX-1, and NO) in serum of OA rats 
was upregulated, which were then reduced by BMSC-
ExoTGF-β1. However, the inhibition of BMSC-ExoTGF-β1 
to these inflammatory factors was partly reversed by 
miR-135bI-BMSC-ExoTGF-β1 (Fig. 3b–f). After that, we 
further detect the pathological change in cartilage tissues 
from each rat, and our results showed that compared 
with sham group, in OA group, the cartilage tissues 
displayed lower chondrocyte number and degeneration 
and rough surface of the tissues. However, OA-induced 
injury in cartilage tissues can be mildly improved 
by BMSC-ExoPBS, but greatly improved by BMSC-
ExoTGF-β1, while the improvement of BMSC-ExoTGF-β1 
to OA-induced cartilage injury was partly reversed by 
miR-135b knockdown (Fig. 2a–l). Moreover, the results 
of saffron-O-solid green staining proved that OA caused 
the loss of cartilage tissues, while a small percentage of 
cartilage tissue was rescued by BMSC-ExoPBS treatment 
and a large percentage of cartilage tissue was rescued by 
BMSC-ExoTGF-β1. But, the inhibitory effect of BMSC-
ExoTGF-β1 on OA-induced cartilage damage partly reduced 
after miR-135b decreasing (Fig. 2m–r). Subsequently, we 
further detected the expression of osteogenesis-related 
proteins, SOX9 and aggrecan, and our data displayed that 
the expression of these two proteins was significantly 
downregulated in OA group, while this effect of OA was 
repressed by BMSC-ExoTGF-β1. Meantime, the inhibition of 
BMSC-ExoTGF-β1 to OA-induced downregulation of SOX9 
and aggrecan was partly limited by miR-135b decreasing 
(Fig. 3 g and h). Taken together, BMSC-ExoTGF-β1 could 
effectively attenuate OA-induced inflammatory production 
and cartilage damage through carrying highly expressed 
miR-135b.

BMSC‑ExoTGF‑β1 promoted M2 polarization of SMs 
via carrying miR‑135b

It was demonstrated that the infiltration of inflammatory cells 
plays a crucial role in OA development (Shen et al. 2013). 
Here, we detected the percentages of M1- and M2-polarized 
SMs in synovial tissues of rats, and found that OA induced M1 
polarization of SMs. The percentage of M2-polarized SMs in 
OA rats was upregulated following BMSC-ExoTGF-β1 treatment. 
However, the upregulation of BMSC-ExoTGF-β1 to M2-polarized 
SMs was partly limited by miR-135b decreasing (Fig. 4a–o). 
Furthermore, the qRT-PCR results displayed that expression 
of miR-135b was remarkably reduced in synovial tissues from 
OA rats, while BMSC-ExoTGF-β1 could notably upregulate the 
expression of miR-135b, which was then inhibited by miR-135b 
inhibitor (Fig. 4p). In summary, BMSC-ExoTGF-β1 promoted M2 
polarization of SMs via carrying highly expressed miR-135b.

Exosomal miR‑135b accelerated M2 polarization 
of SMs

To further explore the molecular mechanism of BMSC-
ExoTGF-β1 facilitates M2 polarization of SMs, we cultured the 
primary SMs from OA and normal rats. Then, LPS was used to 
activate macrophage, and the cells were divided into six groups: 
control, LPS, LPS + BMSC-ExoPBS, LPS + BMSC-ExoTGF-β1, 
LPS + INC-BMSC-ExoTGF-β1, and LPS + miR135bI-BMSC-
ExoTGF-β1. Firstly, the expression of miR-135b in cells was 
measured. Our data showed that LPS decreased the expression 
of miR-135b, while BMSC-ExoTGF-β1 effectively increased 
the expression of miR-135b in LPS-stimulated SMs, which 
was then inhibited by miR-135b decreasing (Fig. 5a). Subse-
quently, the qRT-PCR results revealed that LPS significantly 
increased the expression of iNOS, a marker of M1 macrophage. 
In LPS-treated SMs, BMSC-ExoTGF-β1 could notably decrease 
the expression of iNOS and increase the expression of Arg-1 
that a marker of M2 macrophage, while these effects of BMSC-
ExoTGF-β1 were partly repressed by  miR-135b decreasing 
(Fig. 5b). In addition, the promotion of BMSC-ExoTGF-β1 to M2 
polarization of SMs through carrying highly expressed miR-
135b in LPS-treated SMs also was ensured by the results of flow 
cytometry (Fig. 5c–g). Next, we used miR-135b mimic instead 
of TGF-β1-stimulated BMSC-derived exosomal miR-135b to 
investigate the role of miR-135b in SM polarization. As shown 
in Fig. 5h, the expression of miR-135b was significantly upregu-
lated by its mimics. Besides, the flow cytometry results indi-
cated that upregulation of miR-135b could remarkably reduce 
the percentage of CD86-positive (M1) SMs and increase the 
percentage of CD163-positive (M2) SMs (Fig. 5i–m). Moreo-
ver, upregulation of miR-135b repressed the expression of iNOS 
and facilitated Arg-1 that was found (Fig. 5n). Our data proved 
that BMSC-ExoTGF-β1 could promote M2 polarization of SMs 
through carrying highly expressed miR-135b in cellular level.

Fig. 2   BMSC-ExoTGF-β1 improved cartilage injury via carrying miR-
135b. The exosomes from PBS-treated BMSC, TGF-β1-treated 
BMSCs, inhibitor NC-treated BMSC following TGF-β1, and miR-
135b inhibitor-treated BMSC following TGF-β1 were individually 
injected into OA rats. a–l The pathological changes in cartilage tis-
sues were confirmed using H&E staining. m–r Saffron-O-solid green 
staining was performed to measure the cartilage damage

◂
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MiR‑135b promoted M2 macrophage polarization 
via inhibiting MAPK6

Next, we predicated the potential downstream target 
of miR-135b through bioinformatics analysis, and 
found that MAPK6 is a target of miR-135b. Our data 
demonstrated that the expression of MAPK6 both 
in gene (Fig. 6a) and protein (Fig. 6 b and b’) levels 
were upregulated in cartilage tissues of OA rat, while 
MAPK6 expression was repressed by BMSC-ExoTGF-β1. 
The effect of BMSC-ExoTGF-β1 was partly reversed after 

miR-135b decreasing. Meantime, the expression of 
MAPK6 mRNA (Fig. 6c) and protein (Fig. 6 d and d’) 
also were  increased in LPS-stimulated SMs, and then 
were  decreased in BMSC-ExoTGF-β1-co-treated SMs, 
while the effect of BMSC-ExoTGF-β1 was limited by miR-
135b knockdown. According to these results, we asked a 
question that whether miR-135b inhibits the expression 
of MAPK6 in OA progression, and then regulates the 
polarization of SMs. In this present study, we firstly 
proved the relationship between MAPK6 3′-UTR and 
miR-135b using luciferase reporter assay. MAPK6 
mRNA was indeed the target of miR-135b (Fig.  6 e 
and e’). In addition, pcDNA-MAPK6 and miR-135b 
mimic were co-transfected into SMs to explore whether 
miR-135b facilitates M2 polarization of SMs through 
inhibiting the expression of MAPK6. Our data showed 
that increasing of miR-135b significantly promoted M2 
polarization of SMs, while it was suppressed by MAPK6 
overexpression (Fig. 7a–e). At the same time, increasing 
of miR-135b-induced upregulation of Arg-1 mRNA and 
downregulation of iNOS mRNA were partly repressed 
by MAPK6 upregulation (Fig. 7f). Overall, these data 
confirmed that MAPK6 as a target of miR-135b mediated 
the regulation of miR-135b to M2 polarization of SMs.

Fig. 3   BMSC-ExoTGF-β1 improved inflammation via carrying miR-
135b. a The expression level of miR-135b in exosomes from inhibi-
tor NC-treated BMSC and miR-135b inhibitor-treated BMSC was 
measured by using qRT-PCR. **P < 0.01 contrasted to INC-BMSC-
ExoTGF-β1. Then, the exosomes produced by PBS-treated BMSC, 
TGF-β1-treated BMSCs, inhibitor NC-treated BMSC following 
TGF-β1, and miR-135b inhibitor-treated BMSC following TGF-
β1 were individually injected into OA rats. b–f  The concentration 
of inflammatory factors (IL-1β, PGE2, COX-2, COX-1, and NO) in 
serum was ensured by ELISA assay. g, h The expression of SOX and 
aggrecan in protein level were detected using Western blotting assay 
and analyzed. **P < 0.01 contrasted to sham group, #P < 0.05 and 
##P < 0.01 compared with OA group, and &P < 0.05 and &&P < 0.01 
compared with BMSC-ExoTGF-β1 group

◂

Fig. 4   BMSC-ExoTGF-β1 boosted M2 polarization of SMs by secret-
ing miR-135b. SD rats were randomly divided into six groups: sham, 
OA, OA + BMSC-ExoPBS, OA  +  BMSC-ExoTGF-β1, OA  +  INC-
BMSC-ExoTGF-β1, OA + miR-135bI-BMSC-ExoTGF-β1. a–o  Immuno-
histochemistry assay was performed to detect the CD86- (M1) and 

CD163-positive (M2) cell numbers in synovial tissues from each 
rat. The ratio of M1/M2 macrophages was analyzed. p  The expres-
sion of miR-135b in synovial tissues was examined using qRT-PCR. 
**P < 0.01 contrasted with sham group, #P < 0.05 contrasted with 
OA group and &&P < 0.01 compared with BMSC-ExoTGF-β1 group
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Fig. 5   Exosomal miR-135b induced SMs to M2 polarization. 
Exosomes, from different BMSCs, were incubated with SMs follow-
ing LPS  for  24  h. a  The expression of miR-135b was measured by 
qRT-PCR. b The expression of iNOS and Arg-1 mRNAs also were-
detected using qRT-PCR assay. iNOS is a marker of M1 macrophage, 
and Arg-1 is a marker of M2 macrophage. c–g Flow cytometry was 
carried out to detect the percentage of CD86- and CD163-positive 
SMs. **P < 0.01 contrasted to control group, ##P < 0.01 compared 

with LPS group, and &&P  <  0.01 compared with BMSC-ExoTGF-β1 
group. Subsequently, miR-135b mimic and mimic NC were trans-
fected into SMs. h  qRT-PCR was performed to detect the expres-
sion of miR-135b. i–m  The percentage of CD86- and CD163-posi-
tive SMs and the ratio of M1 and M2 SMs were ensured using flow 
cytometry. n The expression of iNOS and Arg-1 mRNAs were exam-
ined using qRT-PCR. **P < 0.01 compared with mimic NC group
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BMSC‑ExoTGF‑β1 promoted M2 polarization of SMs 
via inhibiting MAPK6

Furthermore, we used BMSC-ExoTGF-β1 instead of miR-135b 
mimic to treat SMs together with pcDNA-MAPK6 or empty 
vector following LPS. Here, we found that the percentage of 
CD86-positive cells was notably upregulated by MAPK6 
increasing, and CD163-positive cells were downregulated 

in BMSC-ExoTGF-β1 and LPS co-treated SMs following 
MAPK6 increasing (Fig. 8a–e). Combined with the above 
experimental results, we can know that BMSC-ExoTGF-β1 
promoted M2 polarization of SMs through increasing MAPK6 
expression. This conclusion also was proved by the results of 
Western blotting assay. As shown in Fig. 8f, the expression of 
iNOS was increased, while Arg-1 was decreased by MAPK6 
overexpression in BMSC-ExoTGF-β1 and LPS co-treated SMs.

Fig. 6   MAPK6 acted as a target of miR-135b. a  The expression of 
MAPK6 mRNA in cartilage tissues from each rat was measured using 
qRT-PCR. **P  <  0.01 contrasted to cham group, ##P  <  0.01 con-
trasted to OA group, and &&P < 0.01 contrasted to BMSC-ExoTGF-β1 
group. b and  b’  The expression of MAPK6 protein in cartilage tis-
sues from each rat was measured using Western blotting assay. 
**P < 0.01 contrasted to sham group, ##P < 0.01 contrasted to OA 
group, and &&P < 0.01 contrasted to BMSC-ExoTGF-β1 group. c The 

expression of MAPK6 mRNA in SMs was examined using qRT-
PCR. **P < 0.01 compared with control group, ##P < 0.01 compared 
with LPS group and &&P< compared with BMSC-ExoTGF-β1 group. 
d and d’ Western blotting assay was performed to ensure the expres-
sion of MAPK6 in SMs. **P < 0.01 compared with control group, 
##P  <  0.01 compared with LPS group, and &&P < 0.01  compared 
with BMSC-ExoTGF-β1 group. e and e’ The relationship between miR-
135b and MAPK6 3′-UTR was ensured using luciferase activity assay
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Discussion

MSCs can be isolated from multiple tissues like adipose, 
umbilical cord, umbilical cord blood and bone marrow, and 
have the potential to differentiate into osteoblasts, muscle 
cells, adipocytes, cardiomyocytes and chondrocytes (Mirzaei 
et al. 2016; Mohammadi et al. 2016). Among these MSC 
origins, BMSCs are the most common source of MSCs 
(Darvish and Payandeh 2019; Vahidinia et al. 2019). Posi-
tively expressed CD29, CD44, CD90, CD105, and CD73 
and negatively expressed CD45, CD34, CD14, and CD11b 
can be acted as the membrane markers of BMSC identi-
fication (Zakirova et al. 2019). At present, it was demon-
strated that MSCs play a crucial role in the treatment of 
multiple disorders, such as malignant tumors, neurological 
diseases, tissue fibrosis, as well as degenerative joint disease 
(Cortes-Dericks and Galetta 2019; Mendes-Pinheiro et al. 
2019; Park et al. 2019; Yoshida and Nakashima 2018). Liu 
et al. revealed that small ubiquitin-like modifier-modified 

MSC differentiate toward chondrocytes and repress inflam-
mation, thus facilitate the repair of articular cartilage (Liu 
et al. 2020). Tong et al. demonstrated that umbilical cord-
derived MSCs could effectively improve the development 
of experimental OA in rats through enhancing cartilage 
superficial layer cells and repressing synovial inflammation 
(Tong et al. 2020). More and more studies confirmed the 
potential of MSCs in OA treatment. Traditionally, MSCs 
were used to treat OA mainly due to the fact that they have 
the ability to differentiation into chondrocytes, while MSCs 
may be a feasible therapy strategy for cartilage repair; their 
clinical use still has many questions. Hence, more and more 
researchers put their sight on the ability of paracrine secre-
tory of MSCs (Colombini et al. 2019). It was confirmed that 
MSCs could be against the development of disease through 
secreting exosomes which carry miRNAs; these miRNAs 
repressed the progression of the disease via inhibiting the 
expression of their downstream target (Li et al. 2020). Here, 
we obtained the primary BMSCs from rat’s bone marrow 

Fig. 7   MiR-135b promoted M2 polarization of SMs through inhibi-
tion of  MAPK6 expression. a–e  Flow cytometry assay was carried 
out to detect the percentages of CD86- and CD163-positive SMs, and 
the ratio of M1 and M2 were analyzed. f The expression of iNOS and 

Arg-1 mRNAs were measured by qRT-PCR. **P  <  0.01 compared 
with mimic NC group, and ##P  <  0.01 compared with miR-135b 
mimic group
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successfully, and then, our study indicated that the expres-
sion of miR-135b was increased in exosomes from TGF-β1-
stimulated BMSCs. Importantly, BMSCs-ExoTGF-β1 notably 
reduced the damage of cartilage tissues and promoted its 
repair through carrying highly expressed miR-135b.

Macrophages are important mediator of inf lam-
mation response via production of cytokines, such as 
M1-polarized macrophage-derived IL-1β and TGF-β, and 
M2-polarized macrophage-derived IL-10, and inhibition 
of inflammation response in macrophage could amelio-
rate experimental arthritis (Wang et al. 2018a). Recently, 
many studies proved the imbalance between M1- and 

M2-polarized macrophage closely associated with the 
development of OA. Liu et al. revealed that the ratio of 
M1- and M2-polarized macrophage in the knee of OA 
patients higher than the normal group and the higher ratio 
means higher degree of lesions (Liu et al. 2018). Pro-
inflammatory M1-polarized macrophage could boost the 
inflammation and degradation of cartilage, while enhance-
ment of M2 macrophage polarization could remarkably 
attenuate cartilage damage and facilitate its repair (Utomo 
et al. 2016; Zhou et al. 2019). Furthermore, BMSCs-Exo 
was proved to induce the conversion of M1-polarized 
macrophage toward M2-polarized macrophage through 

Fig. 8   Increasing of MAPK6 repressed BMSC-ExoTGF-β1-induced M2 
polarization of SMs. BMSC-ExoTGF-β1 and LPS were used to treat 
SMs which were then transfected with pcDNA-MAPK6 or empty 
vector. At 24  h later, a–e  the percentages of CD86- and CD163-

positive SMs were ensured by flow cytometry, and the ratio of M1/
M2 SMs was analyzed. f The expression of iNOS and Arg-1 mRNAs 
were  examined using Western blotting assay. **P  <  0.01 compared 
with BMSC-ExoTGF-β1 group

125Cell and Tissue Research (2021) 384:113–127



1 3

submitting exosomal miRNA (Deng et al. 2020; Zhao et al. 
2019). Here, our data demonstrated that BMSCs-ExoTGF-β1 
promoted M2 polarization of SMs in OA rats and LPS-
induced SMs through carrying miR-135b.

Subsequently, to investigate the regulatory mecha-
nism of miR-135b in M2 SM polarization, we predicted 
the downstream target of it. We found that MAPK6, also 
named as ERK3, involves in series of biological processes 
(Huang et al. 2019). Nevertheless, the role of MAPK6 in 
cartilage injury remains unclear. In this present study, we 
proved that TGF-β1-stimulated BMSCs promoted M2 SM 
polarization through inhibition the expression of MAPK6 
via submitting exosomal miR-135b.

Here, our data revealed a new action mechanism of 
BMSC-Exo to attenuate the damage of cartilage tissues in 
OA rats through section of exosomal miR-135b. Specifi-
cally, miR-135b inhibited the degradation of cartilage tis-
sues via facilitating M2 polarization of SMs by repressing 
the expression of MAPK6.
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