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Abstract
Bone marrow mesenchymal stem cell derived exosomes (BMSC-exos) are a crucial means of intercellular communication 
and can regulate a range of biological processes by reducing inflammation, decreasing apoptosis and promoting tissue repair. 
The process of intervertebral disc degeneration (IVDD) is accompanied by increased reactive oxygen species (ROS) because 
of a decrease in the expression of Nrf2, a critical transcription factor that resists excessive ROS. Our study demonstrated 
that BMSC-exos decreased ROS production by inhibiting Keap1 and promoting Nrf2 expression, attenuating the apoptosis, 
inflammation, and degeneration of nucelus pulposus (NP) cells. BMSC-exos promoted an increase in Nrf2 and nuclear 
translocation, while NF-κB expression was downregulated during this process. Additionally, the expression of antioxidative 
proteins was elevated after treatment with BMSC-exos. In vivo, we found more NP tissue retention in the BMSC-exos-treated 
group, along with more expression of Nrf2 and antioxidant-related proteins. Our findings demonstrated for the first time that 
BMSC-exos could restore the down-regulated antioxidant response system in degenerating NP cells by modulating the Keap1/
Nrf2 axis. BMSC-exos could be used as an immediate ROS modulator in the treatment of intervertebral disc degeneration.
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Introduction

Low back pain is a global health problem with high mor-
bidity rates, and it imposes a significant clinical and socio-
economic burden [1]. IVDD has been considered the main 
cause [2]. The physiological state of NP cells plays a major 
role in the progression of IVDD, while the loss of NP cells 

and decomposition of the extracellular matrix (ECM) sub-
stantially accelerate disc degeneration [3–6]. Additionally, 
increased inflammation and elevated ROS levels in NP cells 
often accompany the degenerative process [4, 7]. Recently, 
increasing evidences of an imbalance of excessive ROS and 
diminished antioxidant capacity in degenerating or ageing 
discs were reported [8, 9]. Since ROS is an important media-
tor of IVDD progression, improving the antioxidant capacity 
of NP cells is considered a promising therapeutic strategy 
for IVDD.

In mammals, transcription factor nuclear factor eryth-
roid-2 related Factor 2 (Nrf2)-mediated resistance to oxi-
dation and stress is a more conservative defence system to 
ensure intracellular homeostasis [10]. The abundance of 
intracellular Nrf2 is strictly regulated by Kelch-like ECH-
associated protein 1 (Keap1), a redox-sensitive E3 ubiq-
uitin ligase substrate adapter, which indicates that Keap1 
promotes the ubiquitination of the Nrf2 protein, leading 
to proteasome-dependent degradation of Nrf2 [11, 12]. 
Inhibition of keap1 activity stabilizes Nrf2, facilitates its 
translocation to the nucleus, and then activates the defence 
network against abnormal ROS [11, 13]. In the intracellular 

Gungayu Xu, Xiao Lu and Siyang Liu contributed equally.

 * Jian Song 
 jsong16@fudan.edu.cn

 * Jianyuan Jiang 
 jianyuanjiang@sina.com

 Fei Zou 
 zoufei@huashan.org.cn

 Hongli Wang 
 wanghongli0212@163.com

1 Department of Orthopedics, Huashan Hospital, Fudan 
University, Shanghai 200040, China

2 Department of Orthopedics, Shanghai Fifth People’s 
Hospital, Fudan University, Shanghai 200240, China

http://orcid.org/0000-0001-5850-025X
http://crossmark.crossref.org/dialog/?doi=10.1007/s12015-023-10570-w&domain=pdf


2466 Stem Cell Reviews and Reports (2023) 19:2465–2480

1 3

antioxidant regulatory network, the main performers are 
heme-oxygenase-1 (HO-1) and NADP(H) quinone oxidore-
ductase 1 (NQO1), both of which are key downstream tar-
gets of Nrf2 [10, 11, 14]. Additionally, other antioxidant 
enzymes involved in scavenging ROS include superoxide 
dismutases (SODs), represented by SOD2 [14, 15]. Studies 
have shown that Nrf2 activation in degenerating discs can 
slow IVDD progression by mobilizing the intrinsic anti-
oxidant capacity of cells, reducing excessive ROS [16–18]. 
With further understanding of the Keap1/Nrf2 signalling 
mechanism, this pathway has been implicated as a potential 
therapeutic direction for chronic and inflammatory diseases 
such as renal inflammation, pulmonary inflammation, and 
skin injury [19–21].

Exosomes are nanoscale vesicles secreted by cells and 
are rich in DNA, coding and noncoding RNA, and proteins 
[22]. The bilayer lipid membrane of exosomes allows them 
to penetrate cell membranes and transmit information across 
cells easily, further regulating the function of target cells 
and influencing disease progression [22, 23]. Previous stud-
ies have shown that exosomes can function as antioxidants 
and anti-inflammatory agents in neurological disorders, skin 
oxidation, and macrophage polarization by regulating the 
Keap1/Nrf2 axis [21, 24, 25]. In studies of IVDD, exosomes 
can suppress the activation of inflammatory mediators and 
NLRP3 inflammasome and thus reduce ROS level [26]. 
However, their cytoprotective role in collaboration with the 
Keap1/Nrf2 pathway has not been fully elucidated.

In this study, we demonstrated that bone marrow mes-
enchymal stem cell-derived exosomes (BMSC-exos) could 
mitigate the IVDD process by modulating the Keap1/Nrf2 
signalling pathway to reduce excessive ROS both in vitro 
and in vivo. Additionally, a decrease in ROS could allevi-
ate the inflammatory response, reduce the degradation of 
ECM and decrease apoptosis of NP cells, accompanied by 
inhibition of the NF-κB signalling pathway. These findings 
complement the exosome-mediated regulatory mechanisms 
that reduce oxidative stress in NP cells and deliver a new 
target for exosome-based IVDD therapy.

Materials and Methods

Isolation and Culture of Human NP Cells

The study was approved by the Ethics Committee of 
Huashan Hospital, Fudan University and the procedures fol-
lowed were in accordance with the Helsinki Declaration of 
1975. Patients enrolled in this study all provided informed 
consent. Normal NP tissues (with a Pfirrmann grade of II 
and III) were obtained from patients with Hirayama disease, 
and degenerative NP tissues were obtained from patients 
with cervical spondylotic myelopathy (with a Pfirrmann 

grade of IV and V) (Table S1). NP tissue (Pfirrmann grade 
of II) was fragmented and digested with collagenase type II 
enzyme (Invitrogen) at a concentration of 0.25 mg/ml for 
8 h. After washing in PBS and centrifugation, isolated NP 
cells were cultured in Dulbecco’s modified Eagle’s medium 
(DMEM) containing 15% foetal bovine serum (FBS) and 1% 
dual antibiotics (Invitrogen). Cultured NP cells were then 
kept in a humid atmosphere at 37 °C. Every day, we replaced 
the entire medium with fresh medium. When no significant 
morphological changes between the primary and subsequent 
cells were confirmed, we used monolayer cultures of second-
passage cells for experiments.

NP Cells Degeneration

H2O2 stimulation was used to induce cells degeneration. 
CCK-8 assay was used to assess the regulation of cell via-
bility by different concentrations of  H2O2 (100 µmol、250 
µmol、500µmol、750 µmol ) for twelve hours. Then, 
according to the optical density results of CCK-8 assays, 
a suitable concentration was selected for subsequent 
experiments.

CCK‑8 Assay

Cell Counting Kit-8 (Beyotime, China) was applied to deter-
mine cell proliferation. NP cells were seeded in 96-well 
plates at  104 per well. After incubation with  H2O2 with dif-
ferent concentration for twelve hours, the culture medium 
was removed. Then 10 µl of CCK-8 was added to every well. 
After 4 h of incubation, the 450 nm light absorption value 
was measured using a Diatek reader (DR-200bs).

Acquisition of BMSC‑Exos

Human BMSCs were acquired from Procell (CP-H166) and 
amplified in DMEM. Cells of the second passage were used 
for subsequent experiments. To detect cellular signature 
markers, the positive expression of CD73, CD90 and CD105 
and negative expression of CD34 and CD45 in MSCs were 
profiled using flow cytometry. (BD FACSCalibur, USA). 
Next, we replaced the culture medium with 10% FBS, which 
was centrifuged at 100,000 × g at 4 °C for 16 h to remove 
the original exosomes. After 2 days, the conditioned medium 
was harvested and centrifuged at 3,000 × g for 15 min at 
4 °C. Next, we separated BMSC-exos from the medium 
using a Total Exosome Isolation ExoQuick PLUS Exosome 
Purification Kit (System Biosciences, USA). After that, the 
MSC-exos were purified and suspended in particle-free PBS 
and stored at -80 °C.
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Identification and Uptake of BMSC‑Exos

We chose transmission electron microscopy (TEM) to docu-
ment the existence and morphology of exosomes. ZetaView 
was used to measure the size distribution and concentration. 
Additionally, western blotting was used to confirm the sur-
face markers (positive expression of CD63 and CD81 and 
negative expression of β-actin).

We incubated purified BMSC-exos with PKH26 (Sigma-
Aldrich, USA) for 5 min. Before suspension in basal medium 
and incubation with NP cells for 3 h at 37 °C, MSC-exos were 
washed twice in PBS and centrifuged at 120,000 g for 90 min. 
We stained nuclei with 4′,6-diamidino-2-phenylindole (DAPI) 
(Beyotime, China). Next, immunofluorescence staining was 
used to measure the uptake of labelled particles by NP cells.

I Vitro Effects of BMSC‑Exos on Degenerated NP Cells

Degenerated NP cells were incubated with 200 µl of BMSC-
exos (8.8 ×  1010 particles/ml) for eight hours to ensure the 
incorporation of exosomes into NP cells  (H2O2 + BMSC-
exos group). Each well in a six-well plate has approximately 
1 ×  105 cells, which makes 1.8 ×  105 exosomes per cell. On 
the other hand, the controlled groups were treated with same 
volume of PBS  (H2O2 group) or normal NP cells (without 
 H2O2 treatment). ML385 (5µmol), a specific Nrf2 inhibitor, 
was used to investigate the role of Nrf2 under the treatment 
of BMSC-exos.

Western Blotting

Western blotting was performed based on a standard proto-
col. Briefly, total protein was extracted using RIPA buffer 
and 1 mM PMSF (AS1006, ASPEN). A BCA protein kit 
(AS1086; ASPEN) was applied to measure the protein 
concentration. Proteins were separated by SDS–PAGE 
and transferred to PVDF membranes (Millipore). Before 
incubation with primary antibodies, the membranes were 
blocked with 5% nonfat milk. The primary antibodies 
were as follows: Adamts5 (1:300; ab41037), IL-1β (1:500; 
ab9722), Caspase-3 (1:500; ab44976), Aggrecan (1:500; 
ab3778), Keap1 (1:1000; ab227828), NQO1 (1:5000; 
ab80588) (Abcam, UK), MMP13 (1:1000; 18165-1), 
IL-6 (1:1000; 66146-1), HO-1 (1:2000; 27282-1), SOD2 
(1:2000; 24127-1), Capase-7 (1:500; DF6441) (Affbiotech, 
USA), CollagenII (1:500; sc-52,658) (Santa, USA), Nrf2 
(1:500; #12,721), p-IκBa (1:500; #2859), IκBa (1:1000; 
#4812), NF-κB p65 (1:2000; #8242) (CST, USA). After 
the incubation with corresponding secondary antibodies, 
the proteins were visualized and analysed by AlphaEaseFC 

Software (Alpha Innotech, USA). GAPDH protein was 
used for normalization.

Quantitative Real‑Time PCR

TRIpure reagent (ELK Biotechnology) was applied to 
extract total RNA from cultured cells or tissues according 
to the manufacturer’s instructions. The following primers 
were Please used: 

TNF-α, forward 5’ CAT CAT CCC TGC CTC TAC TGG 
3’, reverse 5’ GTG GGT GTC GCT GTT GAA GTC 3’; 
IL-1β, forward 5’ CTG TAG CCC ATG TTG TAG CAAAC 
3’, reverse 5’ TGA AGA GGA CCT GGG AGT AGATG 3’; 
IL-6, forward 5’ ACT GGC AGA AAA CAA CCT GAAC 
3’, reverse 5’ TTG TAC TCA TCT GCA CAG CTCTG 
3’; Keap1, forward 5’ CCA ATG CTG ACA CGA AGG 
AT 3’, reverse 5’ ATA CAG TTG TGC AGG ACG CAG 
3’; Nrf2, forward 5’ CAG TCA GCG ACG GAA AGA 
GTA 3’ reverse 5’ CTG GGA GTA GTT GGC AGA TCC 
3’; HO-1, forward 5’ GCC AGC AAC AAA GTG CAA 
GA 3’, reverse 5’ TAA GGA CCC ATC GGA GAA GC 
3’; NQO1, forward 5’ TGG TGG AGT CGG ACC TCT 
ATG 3’, reverse 5’ CAT GGC AGC GTA AGT GTA AGC 
3’; SOD2, forward 5’ GTT TAA GGA GAA GCT GAC 
GGC 3’, reverse 5’ AGG TAG TAA GCG TGC TCC CAC 
3’; GAPDH, forward 5’ CAT CAT CCC TGC CTC TAC 
TGG 3’, reverse 5’ GTG GGT GTC GCT GTT GAA GTC 
3’. GAPDH was used for normalization.

Senescence‑Associated β‑Galactosidase Staining

A SA-β-Gal kit (Beyotime, China) was used for senes-
cence-associated β-galactosidase staining. One millilitre 
of β-galactosidase staining fixative was added to the 6-well 
plate at room temperature for 10 min. After incubation 
with staining solution for 2 h, microscopic fields were 
observed under a BX53 microscope (Olympus, Japan).

Flow Cytometry Analysis

An Annexin V-FITC Apoptosis Detection Kit (Beyotime, 
China) was applied to detect apoptosis. After collection 
from a six-well plate, the cells were centrifuged at 300 g 
for 5 min and resuspended in 300 µl of 1× binding buffer. 
After 15–20  min of incubation with 5  µl of Annexin 
V-FITC and 5 µl of PI, the cells were added with 200 µl 
bonding buffer and immediately measured using a FACS 
Calibur flow cytometer (BD Bioscience, USA).
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ROS Measurement

We used a ROS detection kit (Beyotime, China) to measure 
the overall intracellular ROS levels. DCFH-DA was diluted 
with serum-free culture medium at a 10 µmol/L concentra-
tion. We then added 1 ml of the diluted solution and incu-
bated the cells with it for 20 min shielded from light. After 
washing with PBS, the sample was observed under a micro-
scope or detected by flow cytometry.

RNA Interference

Short interfering RNA was used to knockdown Keap1. 
Si-RNA against Keap1 (si-Keap1) was synthesized by 
GenePharma (Shanghai, China) and transfected with Lipo-
fectamine 2000 (Invitrogen). The si-Keap1 sequences were 
as follows: si-Keap1-1, 5’-GGC GAA TGA TCA CAG CAA 
T-3’; si-Keap1-2, 5’-GCT ACG ATG TGG AAA CAG A-3’; 
si-Keap1-3, 5’-GAC AAA CCG CCT TAA TTC A-3’. After 
verifying the high silencing efficiency, NP cells were then 
used in subsequent experiments.

Immunofluorescence Analysis

NP cells were fixed in 4% paraformaldehyde. After permea-
bilization with Triton X, the slides were blocked with bovine 
serum for 2 h. Next, anti-8-OHdG (Abcam, UK), anti-Keap1, 
and anti-Nrf2 (PTG, USA) were incubated overnight at 37 °C. 
The slides were then washed with PBS 3 times before the 
corresponding secondary antibodies were added. Next, DAPI 
was used to stain cell nuclei. Then the images were captured 
by an immunofluorescence microscope (Olympus, Japan) and 
quantified by Image J software (NIH, USA).

TUNEL Assay

First, 4% paraformaldehyde was used to fix NP cells. Next, 
we used Triton X-100 in PBS for 10 min for permeabili-
zation. After washing with PBS, the cell samples were 

subjected to the Cell Death Detection kit (Roche, Switzer-
land) according to the manufacturer’s protocol. After that, 
DAPI was used to stain cell nuclei.

SD Rats of the IVDD Model

The animal experiments were conducted in accordance 
with the protocol of the Animal Experimentation Commit-
tee of Fudan University. Thirty-two female SD rats (adult, 
200–250 g) were purchased from Charles River (Zhejiang, 
China) and housed in the Center for Animal Experiments 
of Fudan University (Shanghai, China). AAV-2 was syn-
thesized by Zolgene (Fuzhou, China). The concentrations 
of Nrf2-shRNA and Keap1-shRNA were 1.3 ×  1012 vg/ml. 
The animals were randomized to four groups (8 rats for 
each group): the IVDD group (PBS injection), MSC-exo 
group, MSC-exo + aav-siNrf2 group, and MSC-exo + aav-
siNrf2 + aav-siKeap1 group. The tail disc of Co7-8 was 
selected for the punctured IVDD model using a 33G needle 
(Hamilton, Switzerland) for 30 s after anaesthesia with 2% 
pentobarbital sodium (40 mg/kg). The needle was punctured 
vertically through the skin and through the contralateral 
annulus fibrosus. Next, according to the different group-
ings, the discs were injected with exosomes (2 µL) or aav-2 
vectors (2 µL). After the puncture, the rats were housed in a 
quite environment with accessible food and water.

MRI and X‑ray Examination

Four weeks after injection, the rats were anaesthetized again 
for radiological evaluation. The discs were evaluated accord-
ing to Pfirrmann grading using a 3.0T MR scanner (Siemens, 
Germany). X-rays were also obtained to evaluate the disc 
height (Philips, Netherlands). Disc height index (DHI) was 
then calculated for each disc. Three orthopaedic surgeons 
assessed the MRI grading on T2-weighted images and DHI% 
on X-ray images.

Histological Analysis

After intraperitoneal injection of an overdose of anaesthet-
ics, the rats were sacrificed for NP tissues. The discs were 
fixed in 10% formalin for 7 days, followed by decalcification 
in EDTA for 21 days. Afterwards, the tissues were embed-
ded in paraffin and sliced into 5 mm sections to perform HE 
and safranin-O staining. Then the disc was assessed with a 
histological scale for grading [27].

Statistical Analysis

Triplicate experiments were performed and the data were 
expressed as means ± 95%CI. Kolmogorov-Smirnov test 
was applied to assessed the normality of the parameters. 

Fig. 1  Nrf2 was downregulated in IVDD patients and was accompa-
nied by ROS-induced apoptosis in NP cells. a Heatmap showed dif-
ferent mRNA expression in non-degenerated and degenerated discs 
based on GSE15227, GSE41883, and GSE34095. (http:// www. heatm 
apper. ca/ expre ssion/). b Representatives of X-rays, MR imaging and 
CT scans in patients with Hirayama disease (HD) and cervical spon-
dylotic myelopathy (CSM). c Nrf2 and SOD2 were downregulated in 
degenerated discs in western blot assays. d The relationship between 
mRNA level of Nrf2 and SOD2 and Pfirrmann grade of discs using 
qPCR method. e  The imbalance of extensive ROS and antioxidant 
proteins resulted in disc degeneration. f  CCK-8 test of NPCs under 
different concentrations of  H2O2. g  Flow cytometry of apoptosis of 
NPCs under different concentrations of  H2O2. h  Flow cytometry of 
ROS of NPCs under different concentrations of  H2O2. (Data were 
shown by mean ± SD, n = 3)

◂

http://www.heatmapper.ca/expression/
http://www.heatmapper.ca/expression/
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We then used unpaired two-tailed Student’s t test for sta-
tistical analysis between two groups and one-way ANOVA 
for multiple group comparisons. All the data were ana-
lysed using Prism version 8.0 (La Jolla, USA) software. 
For all analyses, differences were considered statistically 
significant when P < 0.05.

Results

Downregulation of Antioxidants in IVDD and  H2O2 
Induced ROS Upregulation and Apoptosis

Expression of related antioxidants was identified in the 
GEO database (Fig. 1a). The degenerated group showed 
the downregulation of Nrf2, HO-1, NQO1, and SOD2 and 
upregulation of Keap1 along with inflammation and ECM 
degeneration. To further validate the expression level of 
antioxidants in IVDD, we evaluated six pairs of patients 
with cervical spondylotic myelopathy as the degenerated 
group and Hirayama disease as the control (Fig.  1b). 
Western blot analysis demonstrated the downregulation 
of antioxidants (Nrf2 and SOD2) (Fig. 1c), which was 
in accordance with qPCR results (Fig. 1d). The results 
confirmed the imbalance of antioxidants and ROS in the 
IVDD group (Fig. 1d and e). Next, different levels of  H2O2 
were used to treat NP cells for 12 h to simulate the degen-
erated environment. The CCK-8 assay and flow cytometry 
of apoptosis showed that the cell proliferation capacity 
decreased with increasing  H2O2 concentration (Fig. 1f 
and g). Next, DCF was also detected by flow cytometry 
to evaluate ROS levels (Fig. 1h). All the results verified 
the apoptosis and ROS upregulation induced by  H2O2. 
Since cell proliferation was markedly affected by  H2O2 at 
a dose of 500 umol, we chose this dose for the following 
experiments.

Identification of MSC‑Exos and Intake by NPC

Flow cytometry was used to identify the surface markers 
of BMSCs that were positive for CD73, CD90, and CD105 
and negative for CD34 and CD45 (Fig. 2a and b). Accord-
ing to western blot results, the nanoparticles extracted 
from BMSCs were rich in CD63 and CD81 and lacked 
β-actin (Fig. 2c). (Fig. 2d). Furthermore, these particles 
presented a spherical shape under TEM and the diameter 
mainly ranged from 50 to 200 nm (Fig. 2d and e). Next, 
PKH-26 was used to label exosomes, and the incubation 
results showed that BMSC-exos were absorbed by NPCs 
over time (Fig. 2f and g).

BMSC‑Exos Inhibit Excessive ROS, Accompanied 
by Reduced Inflammation, Degradation of ECM 
and Apoptosis

We then explored the effect of exosomes in NPCs under 
excessive ROS. Immunofluorescence results showed a 
decrease ROS in response to BMSC-exos (Fig. 3a). Because 
aging cells are less resistant to oxidative stress, we con-
firmed cellular senescence caused by excessive ROS and 
the antagonistic effect of exosomes using SA-b-Gal stain-
ing (Fig. 3b). Immunofluorescence of 8-Hydroxy-1,2 deoxy-
guanosine (8-OHdG), which is a symbol of DNA damage 
caused by ROS, again confirmed that BMSC-exos reduced 
cellular senescence under excessive ROS (Fig. 3c and d). 
Afterwards, the results of inflammatory agents such as TNF-
α, IL-1β, and IL-6 by qPCR and flow cytometry demon-
strated that BMSC-exos had a positive effect on reducing 
inflammation and apoptosis (Fig. 3e, f). To further investi-
gate the effect of exosomes on the synthesis and degrada-
tion of ECM, MMP13, Adamts5, Collagen II, and Aggrecan 
were measured by western blotting (Fig. 3g, h). As expected, 
BMSC-exos reduced ROS-induced degeneration. Taken 
together, these data demonstrated that exosomes restored 
ROS-induced aging, accompanied by reduced inflammation, 
degradation of ECM and apoptosis of NP cells.

BMSC‑Exos Increase the Expression and Nuclear 
Translocation of Nrf2 and Decrease the Expression 
of NF‑κB

The aforementioned effects revealed that BMSC-exos 
could relieve  H2O2-induced ROS and alleviate NP cell 
degeneration. Because the Keap1/Nrf2 axis is a key path-
way in response to oxidative stress, we wondered whether 
exosomes exerted their effect by regulating it. After pro-
longed incubation with  H2O2, the expression of Keap1 
increased, and the expression of Nrf2 decreased slightly 
(Fig. 4a). Correspondingly, the expression of antioxidative 
stress-related proteins showed a decreasing trend (Fig. 4a). 
Next, we examined the expression of Keap1 and Nrf2 by 
immunofluorescence, which showed that excessive ROS 
triggered a rise in Keap1 expression and a decrease in 
Nrf2 expression (Fig. 4b, c). Interestingly, with BMSC-
exos treatment, the adverse effect of  H2O2 was offset 
(Fig. 4a-c). Western blot analysis showed that BMSC-
exos significantly promoted the intranuclear translocation 
of Nrf2 (Fig. 4d). Next, we examined NF-κB expression, 
which has been implicated in the transcriptional regula-
tion of ROS-induced inflammation. Not surprisingly, after 
incubation with  H2O2, the nuclear translocation of NF-κB 
increased, accompanied by a significant increase in IκBα 
phosphorylation (Fig. 4d-f). Remarkably, the addition of 
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exosomes reversed the activation of NF-κB (Fig. 4d-f). We 
then used si-Keap1 to further confirm that BMSC-exos 
exerted antioxidative effects by regulating Keap1 and that 
Keap1 inversely regulated Nrf2 (Fig. 4g). Western blot 
assays demonstrated that si-Keap1 could upregulate Nrf2 
expression and that exosomes helped to further reinforce 

this effect (Fig.  4h). Similarly, the expression of pro-
teins that responded to ROS, such as HO-1, NQO1, and 
SOD2, showed the same results (Fig. 4i). These evidences 
together indicated that Keap1 was a negative regulator of 
Nrf2 and BMSC-exos exerted their anti-ROS effect by 
regulating Keap1 expression.

Fig. 2  Identification of BMSC-exos and the uptake of it by NPCs. 
a  Positive surface markers of BMSC identified by flow cytometry 
(CD73, CD90, CD105). b Negative surface markers of BMSC identi-
fied by flow cytometry (CD34, CD45). c Western bolt assays of rep-
resentative surface markers of BMSC-exos. d Morphology of BMSC-
exos monitored by TEM (scale bar: left, 100  nm; right, 50  nm). 

e Particle size determined by a Zeta View nanoparticle tracker. X-axis 
showed the particle diameter while Y-axis showed the concentration 
of particles in the sample. f Immunofluorescence images of PKH26-
labled BMSC-exos internalized by NPCs (scale bar, 100 μm). g Ratio 
of BMSC-exos intaking by NPCs. (Data were shown by mean ± SD, 
n = 3)
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Blockage of Nrf2 Abrogates the Anti‑Inflammatory, 
Anti‑Apoptotic, and Anti‑ECM Degradation Effects 
of BMSC‑Exos Under Oxidative Stress

To investigate the critical anti-ROS ability of Nrf2, we 
used the specific Nrf2 antagonist ML385 in subsequent 
experiments. The  H2O2 group alone was considered a posi-
tive control group. Inhibition of Nrf2 reversed the reduc-
tion of ROS by BMSC-exos, while silencing of Keap1 
restored the effect of BMSC-exos again (Fig. 5a). These 
findings implied that Nrf2 mediated at least some therapeu-
tic advantage of BMSC-exos. Next, we used flow cytom-
etry to examine the relationship between apoptosis and 
Nrf2, the result of which was the same with TUNEL stain-
ing (Fig. 5b and d). Treatment with ML385 contributed 
to a high rate of apoptosis, and the addition of si-Keap1 
diminished the influence of ML385. Because Nrf2 plays 
an important role in anti-ROS, we used qPCR to inves-
tigate the mRNA levels of HO-1, NQO1, and SOD2. As 
expected, Nrf2 inhibition decreased the transcription of 
anti-ROS-related genes (Fig. 5c). Next, we applied western 
blots to examine the expression of inflammation-, apopto-
sis-, and ECM degradation-related genes (Fig. 5e, f). The 
results were consistent with the above. Finally, we used 
String to construct a protein interaction network in which 
Nrf2 was at the core (Fig. 5g).

BMSC‑Exos Activate Nrf2 in Vivo to Alleviate IVDD 
in a Rat Model

To further confirm its role in regulating Keap1/Nrf2 
pathway in  vivo to alleviate IVDD, we first used a 
needle puncture model in rat tails to model the IVDD 
process. Adeno-associated virus 2 (AAV-2) carry-
ing a gene-interfering sequence was injected into 
selected rat discs. Depending on the different treat-
ments, the rats were divided into the puncture group, 
BMSC-exos group, si-Nrf2 + BMSC-exo group, and 
si-Keap1 + siNrf2 + BMSC-exo group. The Pfirrmann 
grade of the intervertebral disc was assessed by MRI four 
weeks after injection. Discs in the BMSC-exos group 
and si-Keap1 + siNrf2 + BMSC-exo group were sig-
nificantly lower in Pfirrmann grading than those in the 

puncture group and si-Nrf2 + BMSC-exo group (Fig. 6a). 
The disc height index (DHI) in X-ray showed the same 
results (Fig. 6b). For histological evaluation, we used HE 
and Safranin-O staining to compare the intervertebral 
discs, which showed better preserved NP tissue in the 
BMSC-exos group than in the puncture group (Fig. 6c-
e). We also used TUNEL staining to assess the rate of 
apoptosis in NP cells (Fig. 6f and g). Consequently, the 
ratio of DAB-positive cells in the puncture group and 
si-Nrf2 + BMSC-exo group was higher than that in the 
other groups, indicating that Nrf2 was a key mediator 
in exosome-induced recovery and suggesting the nega-
tive role of Keap1 in the degeneration process. Addition-
ally, the results of western blots further demonstrated 
the increased expression of Nrf2 in vivo together with 
the increased expression of Collagen II and decreased 
expression of MMP13 and Caspase-3 (Fig. 6h and i). 
Collectively, these results confirmed that BMSC-exos 
could activate the Keap1/Nrf2 axis, restraining apop-
tosis and reducing inflammation and ECM degradation 
in vivo.

Discussion

Treatment strategies for IVDD mainly include enhanc-
ing synthesis of ECM, releasing pro-anabolic factors and 
inhibiting the degenerative microenvironment (including 
ROS) [28]. MiR-499a-5p and circRNA_104670 have been 
demonstrated to play a critical role in the balance between 
anabolism and catabolism of the ECM [6, 29]. Melatonin 
have also been demonstrated to inhibit ECM remodeling 
via PI3K-Akt pathway [30]. As for degenerative environ-
ment, previous studies have demonstrated that ROS plays 
a significant role in the development of IVDD [7, 31]. ROS 
are toxic but also serve as signalling molecules [32]. ROS 
can influence the activation of many signalling pathways 
and then modulate oxidative stress networks reversely. 
However, as cells age, the intracellular antioxidant capac-
ity tends to diminish and thus it is difficult for cells to 
resist endogenous oxidative stress [8]. Macroscopically, 
increased ROS and disease progression are positively cor-
related in tissues [8, 33]. Redox imbalance is often corre-
lated with inflammatory responses, disturbances in extra-
cellular matrix metabolism and, in general, the promotion 
of cell apoptosis [34, 35]. Thus, factors controlling this 
pathway may be appealing molecular targets. For IVDD, 
previous studies have focused on reducing ROS production 
or providing cellular antioxidants as therapeutic directions. 
Plant-derived substances such as genistein, luteoloside, 
and honokiol markedly reduce the influence of ROS in 
IVDD progression [16, 26, 36]. Despite the effectiveness 
of these treatments, concerns persist regarding the safety 

Fig. 3  BMSC-exos inhibited excessive ROS, accompanied by 
reduced inflammation, degradation of ECM and apoptosis. a  Immu-
nofluorescence of 2′,7′-dichlorodihydrofluoroscein diacetate (DCF) to 
examine ROS level (scale bar, 100 μm). b SA-β-gal staining to deter-
mine cell senescence (scale bar, 100  μm). c-d  Immunofluorescence 
of 8-OHdG to determine DNA damage by ROS (scale bar, 100 μm). 
e  qPCR of mRNA levels of TNF-α, IL-1β, and IL-6 in each group. 
f  Flow cytometry of apoptosis rate in each group. g-h  BMSC-exos 
reversed the apoptosis, inflammation, and ECM degradation of  H2O2. 
(Data were shown by mean ± SD, n = 3, *p < 0.05)
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and dosage of the drugs, whether the substance shows 
other side effects. Further, the specific mechanism of them 
remains unclear. Finding a safer molecule that activates 
endogenous antioxidant mechanisms appears to be the key 
to alleviating disc degeneration. Nrf2 is central to the regu-
lation of antioxidant stress and it may hold promise for the 
treatment of IVDD.

Different attempts have been made to enhance the endog-
enous Nrf2 pathway. Compared with small molecule Nrf2 
agonists, direct disruption of the Keap1/Nrf2 complex avoids 
the potential risk of unselected modifications of cysteine res-
idues and can regulate the expression of Nrf2 more ration-
ally and scientifically. Over the past few years, exosomes 
from stem cells have been found to alleviate interverte-
bral disc degeneration. This benefit is diverse, enhancing 
autophagy and reducing apoptosis as well as endoplasmic 
reticulum stress [37–39]. Given that MSC-derived exosomes 
can attenuate the systemic inflammatory response caused by 
sepsis by reducing Keap1expression to enhance the activity 
of the Nrf2, we wondered whether BMSC-exos have the 
same beneficial effect on NP cells [25].

In this study, we implemented an NP cell degeneration 
model using the classical stimulus  H2O2. Depending on the 
CCK-8 values at different concentrations, concentrations 
causing moderate degeneration of NP cells were selected. 
SA-β-gal staining was then selected to further confirm that 
cells undergo senescence in response to  H2O2. In healthy 
cells, small amount of stress tends to activate the intrin-
sic antioxidant system. Nuclear translocation of Nrf2 pro-
motes the expression of various antioxidants such as HO-1, 
NQO1, and SOD2, which are key enzymes responsible for 
glutathione synthesis [40]. As cells age, in addition to their 
baseline Nrf2 expression being downregulated, their ability 
to respond to stress is reduced compared to younger cells 
[41]. Unexpectedly, the expression of Keap1 and Nrf2 was 
not significantly different from that of treated NP cells com-
pared with that of  H2O2-treated cells. The reason may be that 
 H2O2 also causes partial stress in the model that simulates 

degeneration. During the construction of the model, degen-
eration and oxidative stress are often difficult to separate 
very specifically. As degeneration and stress are often inter-
twined, a model of degeneration without stress theoretically 
does not exist.

Next, we determined whether exosomes mitigate the 
pathogenesis of IVDD. ROS were significantly decreased 
in BMSC-exos-treated NP cells. Western blotting showed 
that BMSC-exos-treated NP cells had a higher antioxidant 
capacity (higher expression of HO-1, NQO1, and SOD2). 
Immunofluorescence further confirmed the stronger sig-
nal of Nrf2 in the nucleus of NP cells in the BMSC-exos-
treated group, suggesting stronger nuclear translocation 
and antioxidant expression. Inflammation-related mol-
ecules (IL-1β, IL-6, TNF-α) are thought to be positively 
associated with disc degeneration [42]. These inflamma-
tory mediators not only inhibit cell proliferation but also 
promote apoptosis. MMP13 plays an important role in 
extracellular matrix remodelling because it promotes the 
degradation of ECM [43]. Collagen II, which decreases 
with age, forms an irregular network that keeps proteo-
glycans and water together and preserves the structural 
integrity of NP tissue [44, 45]. Additionally, Adamts5 and 
Aggrecan, which are closely related to IVDD, were evalu-
ated in this study. The dynamic stability of the ECM is 
then maintained based on the balance of these elements. 
According to the above results, our results verified that 
BMSC-exos could reduce inflammation and decrease the 
degradation of ECM in NP cells.

Because BMSC-exos reduced the expression of inflam-
mation-related genes, we explored the expression of pro-
teins in the NF-κb pathway.  H2O2 increased the nuclear 
translocation of NF-κb, and treatment with BMSC-exos 
suppressed NF-κb expression. We hypothesized that this 
inhibition by BMSC-exos was related to the activation 
of Nrf2 signalling, as confirmed in subsequent experi-
ments. According to Bellezza et al., activation of Nrf2/
HO-1 inhibited the nuclear translocation of NF-κB by 
α-TOS [46]. In another report by Bao et al., chlorogenic 
acid suppressed oxidative stress and inflammation by 
regulating the Nrf2/HO-1 and NF-κB pathways to prevent 
diabetic nephropathy [47]. The Nrf2 and NF-κB signal-
ling pathways show much crosstalk. HO-1, a target gene 
of Nrf2, is the core of Nrf2-mediated NF-κB inhibition. 
This enzyme catalyses the cleavage of the porphyrin ring 
to  Fe2+, carbon monoxide, and biliverdin, which all con-
tribute to the inhibition of NF-κB transcription [48, 49]. 
Another refined mechanism relies on the transcription of 
two signalling pathways in the nucleus. Nrf2 and p65 (the 
canonical NF-κB subunit) compete for the transcriptional 
coactivator CBP (CREB-binding protein)-p300 complex, 
which induces local acetylation of histones, loosening of 
chromatin structure, and exposure of DNA for assembly of 

Fig. 4  BMSC-exos increased the expression and nuclear transloca-
tion of Nrf2 and decreased the expression of NF-κB. a BMSC-exos 
reversed the decreased expression of Nrf2 and increased the expres-
sion of antioxidant-related proteins (HO-1, NQO1, SOD2). b Immu-
nofluorescence of Keap1 in different groups (scale bar, 100  μm). 
c  Immunofluorescence of Nrf2 in different groups (scale bar, 
100 μm). d The protein level of Nrf2 and NF-κB p65 in nucleus using 
western blot assay in different groups. e The protein level of p-IκBα 
and IκBα in cytosol using western blot assay in different groups. 
f The protein level of Nrf2 and NF-κB p65 in cytosol using western 
blot assay in different groups. g qPCR of mRNA levels of Keap1 after 
transfected with short interfering RNA. h The protein level of Nrf2 
in nucleus after transfected with si-Keap1and the enhancement of 
BMSC-exos towards it. i  The expression of antioxidant-related pro-
tein using western blot assays after treated with si-Keap1 and BMSC-
exos. (Data were shown by mean ± SD, n = 3, *p < 0.05)
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the transcriptional apparatus [48]. Regulating the Nrf2 and 
NF-κB signalling pathways has been increasingly empha-
sized in chronic inflammatory diseases such as nephritis, 
hepatitis, and pneumonia [19, 20, 50]. This research is also 
the first to report that BMSC-exos enhance the Nrf2 signal-
ling system and inhibit NF-κB signalling in IVDD.

To further validate this pathway, we found that silencing 
Keap1 mimicked the effect of BMSC-exos treatment and 
promoted the nuclear shift of Nrf2 and antioxidant expres-
sion. BMSC-exos synergistically enhanced the silencing 
effect of Keap1. Next, we interfered with Nrf2 expression to 
observe whether BMSC-exos exert their anti-inflammatory, 
apoptosis-reducing, and ECM degradation-reducing effects 
through the Nrf2 pathway. ML385 is a proven Nrf2-specific 
inhibitor that inhibits the expression of downstream genes 
by binding to the Neh1 domain of Nrf2 [51]. We considered 
the group cotreated with  H2O2 and BMSC-exos as a nega-
tive control and found that the anti-inflammatory, apopto-
sis-reducing, and ECM degradation-reducing abilities of 
exosomes were significantly reduced after using ML385 to 
specifically inhibit the effects of Nrf2. Not surprisingly, after 
silencing Keap1 again, these benefits of BMSC-exos were 
restored. Based on the above findings, BMSC-exos improved 
the antioxidant capacity of NP cells and slowed the degen-
erative process, at least partially through the Keap1/Nrf2 
signalling pathway.

The in vitro results reaffirmed our study. We used tra-
ditional acupuncture to mimic IVDD in a rat model [52]. 
AAV vectors transfer target genes in vivo due to their high 
safety and low immunogenicity [5]. The observed volume 
reduction of NP tissue and prolonged downregulation of 
antioxidants in the BMSC-exos and aav-si-Nrf2 cotreated 
groups indicated that BMSC-exos at least partially func-
tioned by communicating with Nrf2. The opposite results 
were obtained when intervening in keap1 again, proving that 
Keap1 was upstream of Nrf2.

MSC-exos present considerable prospects in nano-
medicine considering their attractive biological proper-
ties and impressive therapeutic potential for inflammatory 
and degenerative diseases [24, 25, 53]. Although studies 
have reported that MSC-exos promote Nrf2 expression 
in macrophages and vascular endothelial cells, no report 
has investigated the effects and potential mechanisms of 

MSC-exos communicating with Nrf2 signalling in IVDD 
[25, 54]. In the present study, our results demonstrate the 
major role of BMSC-exos in regulating the Keap1/Nrf2 
pathway in degenerating discs. The decrease in ROS also 
reduces inflammation, decreases apoptosis, and inhibits 
matrix degradation. Current evidences suggest that many 
noncoding RNAs, such as miRNAs and long noncoding 
RNAs, are present in exosomes and that they are involved 
in regulating cellular life activities [22, 23]. In Xie, Shi, 
and Yang’s reports, BMSC-exos contained abundant miR-
200a and miR-23a [55, 56]. These two miRNAs bind to the 
3′-UTR of Keap1 and repress the transcription of Keap1 
in other disease models [54, 57]. The redox miRNAs that 
target Keap1 may explain why BMSC-exos increased Nrf2 
expression in target cells, but further experiments are war-
ranted to validate this hypothesis in NP cells.

In this research, we found BMSC-exos could reduce 
ROS in degenerated NP cells by regulating the Keap1/
Nrf2 axis. However, if it were to be translatable to the 
human experience, BMSC-exos may not be as efficient 
as it were in rat model. Human intervertebral discs bear 
more load than those in rat tails. There might be more ROS 
in human intervertebral discs than rats, which required 
stronger antioxidants. So, although still in its infancy, 
engineered exosomes that target Keap1 or Nrf2 may be 
a translational direction in the human experience, as they 
are more precise in targeting NP cells and more efficient 
in activating antioxidant pathways.

One limitation of this study is that although the rat model 
applied in our studies is widely used in intervertebral disc 
disorders, differences persist in the biomechanical proper-
ties compared with large animals such as pigs, goats, and 
monkeys. Rodents may undergo different IVDD processes 
compared with mammals. Besides, the cells in rat discs are 
rich in notochordal cells, while there are barely no noto-
chordal cells present in the human discs. Further, the struc-
tures of the discs in human and rats are quite different in 
terms of relative thickness of endplate, diffusion patterns. At 
last, besides anti-ROS effects, future therapeutic strategies 
for IVDD may also need to address synergistic therapeutic 
effects of pro-anabolic factors.

Conclusion

Nrf2 and NF-κB are two key pathways regulating the exqui-
site balance of the cellular redox status and response to stress 
and inflammation. We demonstrate for the first time that 
BMSC-exos can exert their ROS-reducing role by regulat-
ing the Keap1/Nrf2 pathway and suppressing NF-κB sig-
nalling in NP cells stimulated by  H2O2. Exuberant expres-
sion of antioxidative proteins mediated by Nrf2 nuclear 

Fig. 5  Blockage of Nrf2 abrogated the anti-inflammatory, anti-apop-
totic, and anti-ECM degradation effects of BMSC-exos under oxida-
tive stress. a Flow cytometry of ROS level in different groups. b Flow 
cytometry of apoptosis in different groups. c qPCR of mRNA levels 
of HO-1, NQO1, and SOD2 in each group. d Apoptosis of TUNEL 
staining under different treatments (E-F) The expression of apoptosis, 
inflammation, and degeneration-related protein under different treat-
ments. g Graphical representation of proteins using STRING (https:// 
string- db. org/ cgi/ input. pl). (Data were shown by mean ± SD, n = 3, 
*p < 0.05)
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translocation restrained apoptosis and reduced inflammation 
and ECM degeneration. Together, these three key molecular 
events alleviated the cellular and histological response to 

oxidative stress in IVDD progression. In the future, engi-
neered exosomes therapy that targets Keap1 or Nrf2 may be 
a new treatment for IVDD.

Fig. 6  BMSC-exos activates Nrf2 in vivo to alleviate IVDD in a rat 
model. a Evaluation of rat tails in different groups using a 3.0T MR 
based on Pfirrmann grade. b Evaluation of rat tails in different groups 
using X-rays based on disc height index (DHI). c HE staining of discs 
under different treatments (scale bar, 1,000 μm). d Safranin-O stain-
ing of discs under different treatments (scale bar, 1,000 μm). e Histo-

logical grade of intervertebral discs in different groups. f-g TUNEL 
staining of intervertebral discs in different groups (scale bar, 
1,000 μm). Arrows indicated DAB positive cells. h The expression of 
Keap1, Nrf2, and HO-1 in NP tissue in different groups.i The expres-
sion of MMP13, Caspase-3, and Collagen II in NP tissue in different 
groups. (Data were shown by mean ± SD, n = 3, *p < 0.05)
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