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Exosome Research

Introduction

Osteoarthritis (OA) is a prevalent chronic inflammatory 
disease worldwide, with a strong impact on individual 
health.1-4 OA is characterized by pathology involving the 
whole joint, including cartilage degradation, bone remodel-
ing, osteophyte formation, and synovial inflammation, 
leading to pain, stiffness, swelling, and loss of normal joint 
function.5-7 Although the administration of various kinds of 
stem cells has been demonstrated for effective cartilage 
repair,8 alternative clinical approaches have been also 
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Abstract
Background. the intra-articular injection of mesenchymal stem cell (MSC)-derived exosomes has already been proved to 
reverse osteoarthritic cartilage degeneration. Pulsed electromagnetic field (PeMF) has been found to regulate the biogenic 
function of MSCs. However, the effect of PeMF on MSC-derived exosomes has not yet been characterized. the aim of 
this study was to elucidate the regulatory role of different frequencies of PeMF in promoting the osteoarthritic cartilage 
regeneration of MSC-derived exosomes. Methods. the adipose tissue–derived MSCs (aMSCs) were extracted from the 
epididymal fat of healthy rats and further exposed to the PeMF at 1 mt amplitude and a frequency of 15, 45, and 75 Hz, 
respectively, in an incubator. the chondrocytes were treated with interlukin-1β (il-1β) and the regenerative effect of 
co-culturing with PeMF-exposed aMSC-derived exosomes was assessed via Western blot, quantitative polymerase chain 
reaction, and eliSa assays. a rat model of osteoarthritis was established by anterior cruciate ligament transection (aClt) 
surgery and received 4 times intra-articular injection of PeMF-exposed aMSC-derived exosomes once a week. after 8 
weeks, the knee joint specimens of rats were collected for micro–computed tomography and histologic analyses. Results. 
PeMF-exposed aMSC-derived exosomes could be endocytosed with il-1β-induced chondrocytes. Compared with the 
aMSC-derived exosomes alone, the PeMF-exposed aMSC-derived exosomes substantially suppressed the inflammation 
and extracellular matrix degeneration of il-1β-induced chondrocytes as shown by higher expression of transcripts and 
proteins of COl2a1, SOX9, and aCaN and lower expression of MMP13 and caspase-1. Of these, the 75-Hz PeMF 
presented a more significant inhibitive effect than the 15-Hz and 45-Hz PeMFs. Furthermore, the intra-articular injection of 
75-Hz PeMF-exposed exosomes could obviously increase the number of tibial epiphyseal trabeculae, lead to a remarkable 
decrease in Osteoarthritis research Society international score, and upregulate the COl2a1 and aCaN protein level of 
the degenerated cartilage. Conclusion. the present study demonstrated that PeMF stimulation could effectively promote the 
regeneration effects of aMSC-derived exosomes on osteoarthritic cartilage. Compared with other frequency parameters, 
the PeMF at a frequency of 75 Hz showed a superior positive effect on aMSC-derived exosomes in suppressing the il-1β-
induced chondrocyte inflammation and extracellular matrix catabolism, as well as the osteoarthritic cartilage degeneration.

Keywords
adipose mesenchymal stem cell, exosomes, pulsed electromagnetic fields, osteoarthritis, cartilage repair

https://journals.sagepub.com/home/CAR
mailto:hxkfhhc@126.com
http://crossmark.crossref.org/dialog/?doi=10.1177%2F19476035221137726&domain=pdf&date_stamp=2022-11-14


Xu et al. 201

investigated to overcome the current limitations of cell-
based therapies, such as immune responses, deterioration of 
stem cells’ intrinsic activity, or variation by age of cell 
donors.9-11

In this case, exosomes could deliver a variety of biologi-
cal signals including protein, cytokines, and microRNA 
(miRNA), which are derived from the source stem cells. It 
could be reasonably expected that exosome is an alternative 
off-the-shelf therapeutic option to replace conventional 
stem cell products.12-14 The literature review has shown that 
the intra-articular injection of MSC-derived exosomes 
could promote the cartilage regeneration and reduce the 
inflammatory response and immune regulation. However, 
the insufficient secretion of MSC-derived exosomes and the 
heterogeneity of exosome-capsulated miRNAs have 
become the major bottleneck, restricting its clinical trans-
formation.15 To exert its best regenerative repair, it is of 
necessity to regulate the biological function of MSC-
derived exosomes.16-19

Pulsed electromagnetic field (PEMF) has been clinically 
used in the treatment of OA.20 Also, PEMF treatment 
increased bone and cartilage formation, and decreased bone 
and cartilage resorption in the MIA (monoiodoacetic acid)-
induced OA rat model.21 Notably, it has been found that the 
PEMF can regulate the biological function of MSCs in the 
cartilage regeneration, such as enhancing the inhibitory 
effect on nitric oxide synthase (NOS) activity and preserv-
ing the anabolic activity.22-24 Furthermore, MSC paracrine 
signaling has been found to be affected by PEMF stimula-
tion, hence representing a manner of promoting regenera-
tion of MSCs in an inflammatory joint environment.

However, the effect of PEMF with different frequencies 
on MSC-derived exosomes in osteoarthritic cartilage has 
still been unknown. Therefore, this study aimed to explore 
the regulatory effect of PEMF with different frequencies on 
osteoarthritic cartilage regeneration of adipose tissue MSC-
derived exosomes through in vivo and in vitro experiments. 
The finding will open up a new direction for enhancing the 
therapeutic effect of MSC-derived exosomes on OA.

Materials and Methods

Ethics Statement

This study was conducted under the approval of the Animal 
Ethical Committee of West China Hospital, Sichuan 
University. All animal care and surgical techniques strictly 
complied with the Declaration of Helsinki.

In Vitro Study

Isolation and characterization of rat adipose mesenchymal stem 
cells. Adipose mesenchymal stem cells (AMSCs) were 
 isolated from 3-week-old healthy Sprague-Dawley rats’ 

epididymal fat (n = 2, provided by the Chengdu Dossy 
Experimental Animals Company) according to the previous 
literature.25 Low-glucose Dulbecco’s modified Eagle’s 
medium (DMEM) (Gibco, USA) supplemented with 10% 
fetal bovine serum (FBS; Cell-Box, Australia) containing 
adipose cells was cultured at 37 °C in 5% CO2 cell culture 
incubator. The medium was replaced for the first time after 
48 hours and was replaced every 2 to 3 days afterward. Pas-
sage 3-6 (P3-P6) cells were used for subsequent experi-
ments. For phenotype characterization, AMSCs were 
stained with rabbit anti-rat polyclonal antibodies CD34, 
CD44, CD90, and CD45 (Abcam Inc., USA) and analyzed 
by flow cytometry (BD FACSCanto™, USA).

For determining the multipotent differentiation capabili-
ties of rat AMSCs, including osteogenic, adipogenic, and 
chondrogenic differentiation, AMSCs were cultured in the 
following medium types: (1) osteogenic differentiation 
medium—high-glucose DMEM, 10% FBS, 50 μg/ml ascor-
bic acid, 10 mM β-glycerophosphate, 10 nM dexametha-
sone, 100 U/ml streptomycin, and 100 U/ml penicillin 
(Cyagen Biosciences Inc., Guangzhou, China); (2) adipo-
genic differentiation medium—high-glucose DMEM, 10% 
FBS, 0.1 mmol/l 3-isobutyl-1-methylxanthine, 10 μg/ml 
insulin, 10 nM dexamethasone, 50 μg/ml indomethacin, 
100 U/ml streptomycin, and 100 U/ml penicillin (Cyagen 
Biosciences Inc., Guangzhou, China); and (3) chondrogenic 
differentiation medium—high-glucose DMEM, 50 μg/ml 
ascorbic acid, 100 nM dexamethasone, 1 mM sodium pyru-
vate, 40 μg/ml proline, 100 U/ml streptomycin, 100 U/ml 
penicillin (Cyagen Biosciences Inc., Guangzhou, China), 
10 ng/ml TGFβ3 (Cyagen Biosciences Inc., Guangzhou, 
China), ITS + premix (final concentrations, 6.25 μg/ml 
bovine insulin, 6.25 μg/ml transferrin, 6.25 μg/ml selenous 
acid, 5.33 μg/ml linoleic acid, and 1.25 mg/ml bovine serum 
albumin) (Cyagen Biosciences Inc., Guangzhou, China). 
The induction medium was changed every 3 days. On day 
14, cells were fixed and stained with Alizarin Red S for 
osteocytes, Oil Red O for adipocytes, and Alcian Blue for 
pellet culture chondrocytes (Cyagen Biosciences Inc., 
Guangzhou, China).

PEMF stimulates MSC-derived exosomes. Rat MSCs (P3-P6) 
were cultured in low-glucose DMEM (Gibco, USA) when 
cell confluence reached 80% to 90%. The custom-designed 
PEMF exposure system comprises a waveform signal gen-
erator (DG1022U; RIGOL, Suzhou, China), an adjustable 
switching power supply (MS-605D; Maisheng, Dongguan, 
China), a power amplifier, and Helmholtz coils with a 3-coil 
array. The signal generator can send electromagnetic fields 
with a pulse duration of 300 µs, amplitude of 1 mT, and 
adjustable frequency. The magnetic field intensity was mea-
sured using a hand-held gaussmeter (HT201; Hengtong, 
Shanghai, China). Twelve 10 cm cell culture plates can be 
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contained inside the cylindrical electromagnetic coil seal, 
embedded in the middle of the constant temperature incuba-
tor. MSC cells were cultured in pure low-glucose DMEM 
before being exposed to PEMF for 30 minutes at 0, 15, 45, 
and 75 Hz (Fig. 1), respectively, and conditioned media 
from pellet culture were collected 24 hours post-PEMF 
exposure and pooled for later use. Exosomes were isolated 
and purified by ultracentrifugation and identified and 
counted by the NTA (Nanoparticle Tracking Analysis) 
machine.

Isolation and characterization of MSC-derived exosomes. MSCs 
were cultured in pure low-glucose DMEM for 48 hours to 
collect the conditioned medium. The supernatant was then 
centrifuged at 120,000g at 4 °C for 90 minutes using a 45 Ti 
rotor (Beckman Coulter, USA). The resulting pellets were 

washed and resuspended in phosphate-buffered saline 
(PBS), followed by centrifugation at 120,000g at 4 °C for 
90 minutes.

The exosome morphology was observed under 100-kV 
transmission electron microscopy (TEM; HITACHI 
H-7000FA, Japan). The particle size distribution of exo-
somes was analyzed by Zetaview (Particle Metrix, 
Germany). Antibodies against CD9 (Abcam, UK) and 
TSG101 (Abcam) were used to identify the protein-level 
expressions by Western blot.

Primary culture of chondrocytes and in vitro model of Oa-like 
chondrocytes. Rat chondrocytes were isolated from 1-week-
old Sprague-Dawley rats’ ribs (n = 2, provided by the 
Chengdu Dossy Experimental Animals Company) accord-
ing to the previous literature.26 The resultant cells were 

Figure 1. PeMF modulates aMSC-derived exosomes in the incubator.
PeMF = pulsed electromagnetic field; aMSC = adipose tissue–derived MSC.
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cultured with DMEM/F-12 medium containing 10% FBS, 
100 U/ml penicillin, and 100 U/ml streptomycin (Gibco). 
The medium was changed every 3 days. For all experiments 
described, the chondrocytes in monolayer culture were used 
between passages 2 and 4.

For the in vitro model of OA-like chondrocytes, chon-
drocytes were induced to express an OA-like phenotype by 
interleukin (IL)-1β treatment (Cyagen Biosciences Inc.). 
Briefly, IL-1β (10 ng/ml) was added to the chondrocyte’s 
medium for 24 hours.

MSC-derived exosome uptake in vitro. Exosomes were 
labeled using the red fluorescent dye 3,3′-dioctadecyloxa-
carbocyanine perchlorate (DiO) according to the manufac-
turer’s instructions (Cyagen Biosciences Inc.). Excess dye 
from the labeled exosomes was removed by ultracentrifuga-
tion at 100,000g for 1 hour at 4 °C, and the exosome pellets 
were washed 3 times by PBS. The final pellets were resus-
pended in PBS. Exosomes were co-cultured with rat chon-
drocytes at a concentration of 1 × 108 particles/ml in a 
serum-free medium at 37 °C for 24 h and then fixed with 
4% paraformaldehyde. The nuclei were stained with 
4′,6-diamidino-2-phenylindole (DAPI). The uptake of exo-
somes was observed using a Celigo® Image Cytometer.

Real-time Rt-qPCR. Total RNA was extracted from cells using 
the Total Exosome Isolation Reagent (Invitrogen, USA), fol-
lowed by reverse transcription to generate the first-strand 
cDNA using the PrimeScript RT reagent Kit (Takara, Japan) 
according to the manufacturer’s protocol. Quantitative poly-
merase chain reaction (PCR) was performed using the SYBR 
Green PCR mix (Takara, Japan) on a Bio-Rad CFX Connect 
real-time system (Bio-Rad, USA). Primer sequences are 
shown in Table 1. GAPDH was regarded as a reference gene. 
The PCR reaction experiment of each sample was repeated 3 
times, and the reverse transcription (RT)-PCR data were ana-
lyzed by the 2−ΔΔCt method.

Enzyme-linked immunosorbent assay. The COL2A1 level was 
measured by enzyme-linked immunosorbent assay (ELISA) 
using the COL2A1 ELISA kit (R&D, Shenzhen Jingmei Ltd., 
China) according to the manufacturer’s instructions. Control 
buffer and chondrocyte samples were added into wells of 
ELISA plates containing antibody COL2A1 and then were 
incubated for 2 hours at room temperature. After washing, 
100 μl of the secondary antibody–conjugated horseradish per-
oxidase (HRP) was added to each well and incubated for 2 
hours. It was then washed again, and 100 μl of treated TMB 
(4,4’-Diamino-3,3’,5,5’-tetramethylbiphenyl) was added into 
each well and incubated for 15 minutes without light. The 
reaction was stopped with lNH2SO4 and the absorbance was 
measured at 450 nm.

Western blot. Passage 2-4 chondrocytes were used for pro-
tein extraction. Briefly, chondrocytes were washed with 
PBS 3 times and lysed with radioimmunoprecipitation 
assay (RIPA) lysis buffer (Beyotime, China) supplemented 
with 1 mM protease inhibitor cocktail and 1 mM phospha-
tase inhibitor cocktail (Thermo, USA). The mixture was 
homogenized and lysed on ice and centrifuged at 12,000g 
for 30 minutes at 4 °C. The resulting supernatant was col-
lected. Protein concentration was determined by the bicin-
choninic acid (BCA) method (Beyotime). The same amount 
of protein sample was electrophoresed and transferred to 
the polyvinylidene fluoride (PVDF) membrane (Millipore, 
USA). The membrane was blocked with 5% skim milk for 
1 hour at room temperature and incubated at 4 °C overnight 
with the primary antibody against SOX9 (Abcam), Casp1 
(Abcam), IL-1β (Abcam), and β-actin (Abcam). After 
washing, the membrane was incubated with secondary anti-
bodies (Abcam) at room temperature for 1 hour. The protein 
bands were exposed using ChemiDoc MP (Bio-Rad). Inte-
grated density for protein bands was determined using 
Image J (National Institutes of Health, USA).

in Vivo Study

the rat model of Oa and experimental design. Thirty-nine 
8-week-old male SD rats (provided by the Chengdu Dossy 
Experimental Animals Company) were anesthetized with 
2.5% to 3% isoflurane. Twenty-seven rats underwent uni-
lateral anterior cruciate ligament transection (ACLT) (Each 
rat was anesthetized with isoflurane, and after being shaved 
and disinfected, the right knee joint was exposed through a 
medial parapatellar approach. The patella was dislocated 
laterally and the knee was placed in full flexion followed by 
ACL transaction with micro-scissors.) to produce the OA 
change of the knee. Rats in the blank group (n = 6) received 
no intervention, and rats in the sham group (n = 6) under-
went joint puncture only. Four weeks later, intra-articular 
injection of MSC-derived exosomes (1 × 109 particles/1 ml) 
was performed in the OA rats once a week (n = 7, OA + 

Table 1. Primer Sequences and Mapleton Sizes for Quantitative 
Polymerase Chain reaction.

genes Primer Sequence (5′-3′)

MMP13 F: 5′-agCaggttgagCCtgaaCtgt-3′
r: 5′-gCagCaCtgagCCttttCaCC-3′

COl2a1 F: 5′-gCCCaaCtggCaaaCaaggagaC-3′
r: 5′-gCagggCCagaagtaCCCtgatC-3′

aCaN F: 5′-ggCttCCCaCCgtCCCagCag-3′
r: 5′-gaagtgtCtgtgCtgCCtgtgaa-3′

Caspase1 F: 5′-CttggaaatagCtCCCagaa-3′
r: 5′-CatttgggaaCttCtCatCC-3′

SOX9 F: 5′-gCgtatgaatCtCCtggaCC-3′
r: 5′-gCggCtggtaCttgtaatCC-3′

gaPDH F: 5′-CCtggagaaaCCtgCCaagtat-3′
r: 5′-tagCCCaggatgCCCtttagt-3′
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EXO group; n = 7, OA + 75 Hz EXO group) (AMSC-
derived exosomes exposed to PEMF were injected with the 
same concentration), while intra-articular injection of 10 μl 
of normal PBS was performed in the OA + PBS group (n = 
7). At 8 weeks after surgery, the knee joint specimens of 
rats were collected for histologic analysis and PCR. All the 
in vivo data for cartilage repair were obtained from the same 
set of animals.

Micro-Ct imaging study. At 8 weeks of treatment, rats were 
sacrificed and the distal part of the femur and the proximal 
part of the tibia were cut with a blunt scissor to acquire knee 
joint tissues. Muscles and ligaments were completely dis-
sected, and bone and cartilage were scanned with a micro–
computed tomography (CT). The scanning time for the 
micro-CT scanner was adjusted to 4 minutes with a setting 
of 80 kVp, 100 μA, and 20 calibrations. Axial and trans-
axial fields of view of 20 mm were acquired. Micro-CT 
images were also reconstructed into a 3-dimensional (3D) 
image to show the OA changes.

Histological staining and immunohistochemistry. At 8 weeks 
of treatment, the rats were sacrificed and articular carti-
lage samples were collected. After fixation with parafor-
maldehyde for 24 hours and decalcified for 21 days in 
10% ethylenediaminetetraacetic acid (EDTA; pH 7.4), tis-
sues were embedded in paraffin and sectioned into a 
5-μm-thick section. The serial sections were obtained 
from the medial and lateral compartments at 200-μm 
intervals. The selected sections were deparaffinized in 
xylene, rehydrated through a graded series of ethanol 
washes, and followed by hematoxylin and eosin (H&E). 
The degree of cartilage degeneration was assessed on the 
medial and lateral tibial plateau joint with the Osteoarthri-
tis Research Society International (OARSI) score. Histo-
logic scoring is performed on the 3 most severely affected 
consecutive sections (at 200 mm intervals) using the coro-
nal sectioning method. The values for each parameter 
(cartilage matrix loss width, cartilage degeneration score, 
total cartilage degeneration width, significant cartilage 
degeneration width, osteophytes, etc.) are then averaged 
across the 3 scored sections per knee joint.27

For immunohistochemistry (IHC), the deparaffinized 
sections were soaked in EDTA (pH 9.0) for antigen retrieval 
by a microwave method. The sections were placed in a 3% 
hydrogen peroxide solution and incubated at room tempera-
ture for 25 minutes in the dark, followed by blocking with 
3% bovine serum albumin at room temperature for 30 min. 
Then, the sections were incubated with primary antibodies 
COL2A1 (Abcam) and ACAN (Abcam) at 4 °C overnight, 
followed by the secondary antibody (Abcam) at room tem-
perature for 60 minutes the next day. After extensive wash-
ing, 3,3′-diaminobenzidine (DAB)-peroxidase substrate 
and hematoxylin solution (Servicebio, China) were added.

Statistical analysis

Data are expressed as mean ± standard deviation (SD). 
Repeated measures were analyzed by repeated-measures 
analysis of variance (ANOVA) with Bonferroni post hoc 
analysis. The other data were analyzed by 1-way ANOVA 
with Bonferroni post hoc analysis. All statistical analyses 
were performed using the IBM SPSS software (SPSS 
Statistics V22; IBM Corporation, USA). P values <0.05 
were considered statistically significant.

Results

Characterization of aMSCs and aMSC-Derived 
Exosomes

The AMSCs were extracted from the rat adipose tissue. 
Flow cytometry analysis showed that AMSCs were positive 
for mesenchymal markers, including CD44 and CD90, but 
negative for CD34 and CD45 (Fig. 2A). In addition, the 
multilineage differentiation potential of AMSCs was dem-
onstrated by Alizarin Red staining, Oil Red O staining, and 
Alcian Blue staining (Fig. 2B).

For exosome preparation, 200 ml of AMSC-conditioned 
medium was centrifuged, and 50 μg of exosomes can be 
purified. The dynamic light-scattering measurement indi-
cated that the mean size of AMSC-derived exosomes was 
164 nm (Fig. 2C). TEM showed that the exosomes exhib-
ited an oval shape (Fig. 2D). For the Western blot of exo-
some surface markers, 20 μg of AMSCs or exosomes was 
loaded onto sodium dodecyl sulfate polyacrylamide gel 
electrophoresis (SDS-PAGE). Western blot analysis indi-
cated that these vesicles displayed exosome surface mark-
ers, including CD9 and TSG101 (Fig. 2E).

PEMF-Exposed aMSC-Derived Exosomes Could 
Enter Chondrocytes

To investigate whether PEMF-exposed AMSC-derived 
exosomes could enter chondrocytes through co-culture, 
exosomes stained with DiO were co-cultured with chondro-
cytes, and 24 hours later chondrocytes were observed under 
a fluorescence microscope. The images showed that when 
co-cultured with chondrocytes, PEMF-regulated AMSC-
derived exosomes gathered inside the chondrocytes, and 
fluorescence was observed in the whole chondrocytes (Fig. 
3A), suggesting that some exosomes endocytosed into the 
chondrocytes.

PEMF Enhanced the Inhibitory Effect of 
aMSC-Derived Exosomes on Il-1β-Induced 
Chondrocyte Inflammation

Next, to evaluate whether PEMF at different frequencies 
could modulate the effect of AMSC-derived exosomes on 
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IL-1β-induced chondrocyte inflammation, the expressions of 
common inflammation factors in OA (matrix metalloprotein-
ase 13 [MMP13], caspase-1, and IL-1) were assessed in 
IL-1β-treated chondrocytes. As shown in Figure 3B, IL-1β 

treatment significantly upregulated MMP13 (P < 0.05) and 
caspase-1 (P < 0.01) mRNA expressions; however, the treat-
ment of MSC-derived exosomes and PEMF-exposed AMSC-
derived exosomes (1 × 108 particles/ml) significantly 

Figure 2. Characterization of aMSCs and aMSC-derived exosomes. (A) Flow cytometry analysis showed that aMSCs were 
positive for mesenchymal markers, including CD44 and CD90, but negative for CD34 and CD45. (B) the image of aMSCs, and 
the multilineage differentiation potential of aMSCs was demonstrated by alizarin red staining, Oil red O staining, and alcian Blue 
staining. (C) the dynamic light-scattering measurement indicated that the mean size of aMSC-derived exosomes was 164 nm. (D) 
teM showed that the exosomes exhibited an oval shape (scale bar = 100 nm). (E) Western blot analysis indicated that these vesicles 
displayed exosomal surface markers, including CD9 and tSg101.
aMSC = adipose tissue–derived MSC; teM = transmission electron microscopy.
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attenuated IL-1β-induced changes in the expression of these 
genes (P < 0.01 except for MMP13 in OA + EXO group). 
And PEMF-exposed AMSC-derived exosomes had a substan-
tially better attenuation effect on IL-1β-induced chondrocytes 
than AMSC-derived exosomes. Among all parameters, the 
75-Hz PEMF-exposed MSC-derived exosomes presented a 
higher inhibitive effect on the IL-1β-induced upregulation of 
MMP13 and caspase-1 mRNA expressions than 15 and 45 Hz 
(P < 0.01)

Western blot (Fig. 3C) also demonstrated that IL-1β induc-
tion significantly upregulated the expression of IL-1 (P < 
0.01) and caspase-1 (P< 0.01) proteins. And the treatment of 
AMSC-derived exosomes (1 × 108 particles/ml) on chondro-
cytes significantly attenuated this overexpression (P < 0.01). 
Also, PEMF substantially enhanced the downregulation effect 
of AMSC-derived exosomes on IL-1 and caspase-1 protein 
expressions, while PEMF at a frequency of 75 Hz performed 
better than the 2 other parameters (P < 0.01, P < 0.01).

PEMF Promoted the Suppression Effect of 
aMSC-Derived Exosomes on Il-1β-Induced 
Chondrocyte Matrix Degeneration

In addition, to investigate whether PEMF could modulate 
the effect of AMSC-derived exosomes on IL-1β-induced 
reduction in chondrocyte matrix synthesis, the expressions 
of common anabolic markers (COL2A1, ACAN, and SOX9) 
were assessed in IL-1β-treated chondrocytes. As shown in 
Figure 3B, IL-1β treatment significantly downregulated 
COL2A1 (P < 0.05), ACAN (P < 0.01), and SOX9 (P < 
0.01) mRNA expressions; however, AMSC-derived exo-
somes and PEMF-exposed AMSC-derived exosomes (1 × 
108 particles/ml) significantly attenuated IL-1β-induced 
changes in the expression of these genes (P < 0.01 except 
for COL2A1 in OA + EXO group). Meanwhile, the expo-
sure of PEMF substantially enhanced the upregulation effect 
of AMSC-derived exosomes on COL2A1 (P < 0.05), 

Figure 3. PeMF-regulated aMSC-derived exosomes attenuated il-1β-induced downregulation of anabolic markers and upregulation 
of catabolic markers in cartilage degradation. (A) immunofluorescence staining of chondrocytes and aMSC-derived exosomes (DiO) 
showed that exosomes gathered inside the chondrocytes (20x). (B-D) all experiments were repeated independently for at least 
3 biological replicates. in the in vitro model of chondrocyte degeneration, PCr (B), eliSa (C), and Western blot (D) assays were 
performed to determine the mrNa and protein levels of aCaN, COl2a1, SOX9, MMP13, il-1, and caspase-1. **<0.01, ***<0.001, 
compared with the il-1β group. #<0.05, ##<0.01, ###<0.001, compared with the Oa + eXO group.
PeMF = pulsed electromagnetic field; aMSC = adipose tissue–derived MSC; DiO = 3,3′-dioctadecyloxacarbocyanine perchlorate; PCr = polymerase 
chain reaction; il = interleukin.
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ACAN (P < 0.01), and SOX9 (P < 0.01) mRNA expres-
sions. Also, compared with PEMF at 15 and 45 Hz, the 
75-Hz PEMF-exposed AMSC-derived exosomes upregu-
lated the expression of COL2A1 (P < 0.05), ACAN (P < 
0.01), and SOX9 (P < 0.01) mRNA to a higher level.

In addition, ELISA (Fig. 3D) also demonstrated that 
AMSC-derived exosomes (1 × 108 particles/ml) signifi-
cantly attenuated IL-1β-induced low expression of COL2A1 
proteins (P < 0.01). Meanwhile, ELISA (Fig. 3D) and 
Western blot (Fig. 3C) displayed that PEMF enhanced the 
upregulation effect of AMSC-derived exosomes on 
COL2A1 (P < 0.01) and SOX9 (P < 0.01) protein expres-
sions, of which the 75-Hz PEMF performed better than the 
15- and 45-Hz PEMFs (P < 0.01).

PEMF-Stimulated aMSC-Derived Exosomes 
alleviate Cartilage Damage in aClt-Induced 
Experimental Oa Rats

Given that OA was always accompanied by cartilage 
defects, we hypothesized that AMSC-derived exosomes 
exposed to PEMF could alleviate the progression of OA via 
inducing chondrocyte matrix synthesis. In support of this 
hypothesis, an OA rat model was established with the ACLT 
method. According to the present in vitro studies, the 75-Hz 
PEMF was supposed to have better promoting effect on 
AMSC-derived exosomes in cartilage repair. Hence, the 
animals were randomly divided into 6 groups: blank group, 
sham group, OA group, OA + PBS group, OA + EXO 
group, and OA + 75 Hz EXO group. Rats in the last 2 
groups took intra-articular injections with exosomes (40 μl; 
1 × 109 particles/ml; once a week) for 4 weeks.

Eight weeks after the model was established, the knee 
joint specimens of animals were collected for micro-CT 
imaging studies (Fig. 4A) and H&E staining (Fig. 4B). 
The micro-CT images displayed that in the blank and 
sham groups, the transverse section of the epiphyseal 
proximal tibia had a large number of trabeculate and a 
higher bone density. While in the OA group the number of 
bone trabeculae reduced, the OA + EXO and OA + 75 Hz 
EXO groups restrained this reduction. In addition, the 
staining showed that in the sham group, the articular carti-
lage was clear with a smooth and intact surface. In the OA 
group, the surface of the articular cartilage was rough and 
fractured. Part of the subchondral bone was exposed, and 
the synovium exhibited hyperemia and significant hyper-
plasia. Compared with the blank and sham group, the car-
tilage layer of the OA group was lightly stained and 
thinner. The subchondral bone was thickened with disor-
dered structure and formation of multiple osteophytes, 
suggesting the OA model was successfully established. 
The OA + EXO and OA + 75 Hz EXO groups exhibited 
a few defects and fractures on the cartilage surface, sug-
gesting that exosomes attenuated cartilage damage in OA 
animals.

The OARSI scores of the knee joint specimens were 
significantly higher in the OA group than in the sham 
group (4.4 ± 0.3 vs. 0.3 ± 0.2, P < 0.01). The intra-
articular injection of AMSC-derived exosomes signifi-
cantly reduced the OARSI scores compared with the OA 
group (2.8 ± 0.2 and 2.4 ± 0.4 vs. 4.4 ± 0.3, P< 0.01) 
(Fig. 4C). The score was mainly decided according to the 
cartilage matrix loss and cartilage degeneration observed 
in the frontal sections.25

To further clarify the relationship between COL2A1, 
ACAN, and extracellular matrix (ECM), IHC staining of 
COL2A1 and ACAN was performed in the knee cartilage 
layer of the in vivo knee joint OA model. The results showed 
that with the increase in COL2A1 and ACAN protein 
expression in chondrocytes, they were also found to be 
increased in the ECM (Fig. 4D). In addition, the expression 
of COL2A1 and ACAN in the chondrocytes and ECM was 
higher in the OA + EXO group and OA + 75 Hz EXO 
group than in the OA group with no statistical significance.

Discussion

In the present study, we investigated the regulatory effect of 
PEMF with different frequencies on osteoarthritic cartilage 
regeneration of AMSC-derived exosomes. The in vitro 
study showed that the PEMF-stimulated AMSC-derived 
exosomes significantly attenuated the ECM degeneration 
and inflammation in the IL-1β-induced chondrocytes. Of 
these, the 75-Hz PEMF exposure exhibited a superior effect 
than 15- and 45-Hz PEMFs. Furthermore, the 75-Hz PEMF-
exposed AMSC-derived exosomes also exhibited a more 
superior regenerative effect on the osteoarthritic cartilage 
and ECM synthesis in the rat model of OA.

Previously it has been shown that PEMF could affect 
biological functions via the production of coherent or inter-
fering fields that modify fundamental electromagnetic 
fields generated by living organisms.28 PEMF stimulation 
could be applied to biological tissues by inductive coupling, 
which was used to modulate MSCs in the present study.29,30 
Several studies have reported that PEMF could modulate 
both cell surface receptor expression/activation, and down-
stream signal transduction pathways, thereby restoring 
homeostatic cell functions such as viability, proliferation, 
differentiation, communication with neighboring cells, and 
interaction with components of ECM.31,32 It has been postu-
lated that a direct effect of PEMF on phospholipids within 
the plasma membrane stimulates the production of second 
messengers, initiating multiple intracellular signal trans-
duction pathways.33,34 The application of PEMF to MSCs 
derived from different origins has been shown to modulate 
the cell cycle and enhance the differentiation.35-37 In combi-
nation with a chondrogenic inductive medium, PEMF stim-
ulation is able to accelerate the hypertrophic cell 
differentiation, increase the deposition of collagen type I 
and X, and promote the osteochondral ossification under 
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the 3D culture of rat bone marrow MSCs.16,23,38 In addition, 
PEMF could potentiate MSCs’ anti-inflammatory 
responses.31 In this study, the enhanced effect of PEMF on 
AMSC-derived exosomes in alleviating inflammation and 
cartilage degeneration has been demonstrated in the OA rat, 
which underwent weekly PEMF-exposed AMSC-derived 
exosome injection for 4 weeks.

Cytokines secreted by immune cells are the main players 
of OA. IL-1β drives the inflammatory cascade indepen-
dently or in collaboration with other cytokines, and has 
been used to trigger inflammation in chondrocyte cul-
ture.39-41 The expression of IL-1β, MMP13, and caspase-1 
is elevated in the OA cartilage.42-45 Varani et al.46 and 

Ongaro et al.47 reported that at 1.5 mT, the 75-Hz PEMF 
increased anti-inflammatory properties in chondrocytes via 
mediating an upregulation of A2A and A3 receptors and 
inhibiting the release of PGE2, IL-1β, and IL-6 production. 
Fitzsimmons et al.48 and Tang et al.49 claimed that at 1 mT, 
the 15-Hz PEMF significantly decreased the production of 
NO, cGMP, IL-1α, and IL-6 in chondrocytes and vertebral 
joint cells. These references lead to the conclusion that 15- 
and 75-Hz PEMFs both have an anti-inflammation effect. 
However, in consideration of the difference in amplitude of 
the PEMF, we cannot directly compare the effect of PEMF 
at 2 different frequencies according to the existing articles. 
Our previous study stated that PEMF at 75 Hz is superior to 

Figure 4. PeMF-regulated aMSC-derived exosomes alleviate cartilage damage in aClt-induced experimental osteoarthritis rats. 
(A) the micro-Ct image of the transverse section of the epiphyseal proximal tibia of rats. (B) images of H&e staining of knee joint 
specimens. the magnification is 200x. (C) OarSi score for the cartilage among different groups. ***<0.001, compared with the 
Oa group. the score was mainly decided according to the cartilage matrix loss and cartilage degeneration observed in the frontal 
sections.25 (D) immunohistochemical staining of COl2a1 and aCaN proteins in the cartilage tissue. the magnification is 200x (n = 3 
for each group).
PeMF = pulsed electromagnetic field; aMSC = adipose tissue derived MSC; aClt = anterior cruciate ligament transaction; OarSi = Osteoarthritis 
research Society international; Oa = osteoarthritis.
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low-frequency PEMF in ameliorating the deterioration of 
bone microarchitecture in ovariectomized (OVX) mice, and 
the inhibitory effect of PEMF may be associated with IL-1β 
inhibition.31,50 Thus, we designed the experiment that stim-
ulated MSCs with PEMF at an amplitude of 1 mT and a 
frequency of 15, 45, and 75 Hz respectively. In the present 
study, the 75-Hz PEMF-exposed AMSC-derived exosomes 
significantly inhibited IL-1β, MMP13, and caspase-1 levels 
in the IL-1β-induced chondrocytes. These observations 
have shown that 75-Hz PEMF stimulation had a superior 
regulatory effect on AMSC-derived exosomes in relieving 
the inflammatory responses in OA rats.

Moreover, IL-1β interferes with the production of essen-
tial structural proteins, including SOX9, collagen type II, 
and aggrecan, by influencing the activity of chondrocytes in 
the joint.51,52 SOX9 could activate the cartilage ECM genes 
including COL2A1, COL9A1, and ACAN.53-55 In the cur-
rent study, the 75-Hz PEMF-stimulated MSC-derived exo-
somes obviously promoted the secretion of COL2A1, 
SOX-9, and ACAN in IL-1β-induced chondrocytes. In 
addition, the animal study also revealed that the 75-Hz 
PEMF-stimulated MSC-derived exosomes upregulated 
COL2A1 and ACAN expression in the cartilage tissue of 
OA rats. These observations suggested that 75-Hz PEMF-
stimulated MSC-derived exosomes could promote chon-
drocyte matrix synthesis and enhance cartilage repair in OA 
rats, which were superior to 15- and 45-Hz PEMF-exposed 
exosomes.

Previously it has been shown that the inflammatory pro-
gression of OA could be alleviated by MSCs, which is asso-
ciated with the multiple miRNAs and long non-coding 
RNAs (lncRNAs) capsulated in exosomes.56-60 MSC-
derived exosomes can relieve cartilage injury by inhibiting 
the inflammation and oxidative stress through miR-9-5p61 
and lncRNA MALAT1,62 and reverse the pathological 
inflammatory status through miR-21, miR-146a, and miR-
181c.63,64 PEMF has been proved to regulate cellular bio-
logical function, activate the intracellular signaling 
pathways, and affect the mitochondrial energy metabolism. 
For example, PEMF can induce depolarization in the cell 
membrane, followed by an increase or decrease in intracel-
lular calcium (Ca2+). In addition, except for the upregula-
tion of mRNA expressions of Wnt1, Wnt3a, and β-catenin 
in AMSCs, PEMF intervention could also reduce the 
expression of dickkopf1 (DKK1) which usually acts as an 
inhibitor of Wnt signaling pathway.65,66 In addition, the 
brief exposure of MSCs to low-amplitude PEMF heightens 
the anti-inflammatory potential of their exosomes and 
decreases the expressions of IL-6, Cox-2, and MMP13 in 
treated chondrocytes, alluding to an enhanced therapeutic 
application to attenuate cartilage damage in an inflamed 
articular environment.23 This current study highlighted the 
potential role of PEMF in promoting the therapeutic effect 

of AMSC-derived exosomes, which will open up new direc-
tion of research regarding the PEMF-exposed exosome-
elicited cartilage regeneration. For instance, PEMF 
stimulation might upregulate the expression of specific 
miRNAs in exosomes derived from MSCs, which target 
signaling pathways, such as Wnt, that affect chondrocyte 
proliferation, apoptosis, autophagy, or inflammation.

In particular, as demonstrated by Brighton et al.,67 PEMF 
determines signal transduction through the intracellular 
release of Ca2+, leading to an increase in cytosolic Ca2+ and 
an increase in activated cytoskeletal calmodulin. Through 
this mechanism, PEMF modifies some important physio-
logic parameters of cells, such as proliferation, transduc-
tion, transcription, synthesis, and secretion of growth 
factors.68,69 However, most of these studies lack homogene-
ity because they present high variability in terms of mag-
netic flux density (the component of the magnetic field 
passing through a surface), signal type, frequency, duration, 
and the number of treatment sessions. In the present study, 
we chose the parameters of PEMF based on the previous 
studies,16,37,69,70 which showed that PEMF was capable of 
enhancing the migration of chondrocytes and MSCs as well 
as modulating the paracrine function of MSCs for the 
enhancement and re-establishment of cartilage regeneration 
in states of cellular stress. Despite all these extensive stud-
ies, this is one of the first studies which aimed to investigate 
the possible effects of different frequencies of PEMF on 
AMSC-derived exosomes. In turn, 75-Hz PEMF was found 
to be prominent in the regulation of AMSC-derived exo-
somes in mediating therapeutic effect on OA cartilage.

There are still some limitations to this study. First, on the 
basis of in vitro experiments, 75-Hz PEMF stimulation was 
found to have superior effect on AMSC-derived exosomes. 
Thus, in the in vivo study, we only verified the regenerative 
effect of 75-Hz PEMF stimulation in the OA rats but not to 
compare with those of 15- and 45-Hz PEMFs. The results of 
this study could lay a foundation for subsequent mechanism 
exploration. Further studies are needed to investigate the 
role of miRNA and lncRNAs encapsulated within PEMF-
exposed AMSC-derived exosomes and biological secretion 
of AMSC-derived exosomes in the presence of PEMF stim-
ulation. All these limitations will be addressed in future 
studies.

Conclusion

In the present study, PEMF-exposed AMSC-derived exo-
somes could significantly inhibit the degeneration and 
inflammation of osteoarthritic cartilage. Compared with 
other frequency parameters, the PEMF at a frequency of 75 
Hz showed a superior positive effect on AMSC-derived 
exosomes in suppressing IL-1β-induced chondrocyte 
inflammation and ECM catabolism, as well as the 
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osteoarthritic cartilage degeneration. These findings laid a 
foundation for the regulatory mechanism of PEMF stimula-
tion on MSC-derived exosomes and opened up a new direc-
tion for enhancing the therapeutic effect of MSC-derived 
exosomes on OA.
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