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ARTICLE INFO ABSTRACT

Keywords: Background: Intervertebral disc degeneration (IDD) is a complex chronic disease involving nucleus pulposus cells
hASCs-exo (NPCs) senescence, apoptosis, autophagy and extracellular matrix (ECM) degradation. In this study, we aimed to
miR-155-5p investigate the role of human adipose tissue stem cells (hASCs)-derived exosomal miR-155-5p targeting TGFpR2
ziffpﬁgy in IDD and the mechanisms involyed. Then miRNA sequencing was performed, and hASCs-derived Exo (hASCs-
Pyroptosis Exo) was extracted and characterized.

DD Methods: First, NPCs were treated with different concentrations of LPS. Then miRNA sequencing was performed,
and hASCs-Exo was extracted and characterized. NPCs were treated with PBS or autophagy inhibitor 3-MA. NPCs
were transfected with miR-155-5p mimic, si-TGFPR2 and negative control. Cell viability, apoptosis, ROS, caspase-
1+PI, pyroptosis markers, inflammatory cytokines, autophagy markers, Aggrecan, MMP13, and Akt/mTOR
pathway-related factors were measured. Bioinformatics prediction and dual-luciferase were performed to verify
the binding sites of miR-155-5p to TGFPR2. Finally, we validated the role of hASCs-derived exosomal miR-155-5p
on IDD in vivo.

Results: LPS promoted pyroptosis of NPCs, and inhibited autophagy and ECM synthesis. MiR-155-5p was char-
acterized as an inflammation-related miRNA in NPCs. HASCs-derived exosomal miR-155-5p inhibited pyroptosis
of NPCs and promoted autophagy and ECM synthesis. After bioinformatics prediction and verification, it was
found that miR-155-5p targeted TGFPR2. Moreover, miR-155-5p targeted TGFSR2 to promote autophagy and
inhibit pyroptosis in NPCs. In vivo experiments revealed that hASCs-derived exosomal miR-155-5p alleviated IDD
in rats.

Conclusions: HASCs-derived exosomal miR-155-5p alleviated IDD by targeting TGFBR2 to promote autophagy and
reduce pyroptosis. Our study may provide a new therapeutic target for IDD.

Translational Potential of this Article: HASCs-derived exosomal miR-155-5p is expected to be a biomarker for
clinical treatment of IDD. Our study may provide a new therapeutic target for IDD.

1. Introduction More and more evidence shows that the dysregulation of the auto-

phagy pathway highlights many skeletal pathologies that affect the spine,

Intervertebral disc degeneration (IDD) is an usual degenerative dis-
ease that can cause the nucleus pulposus (NP) to collapse or protrude,
leading to radiculopathy [1], which is the main cause of low back pain
[2]. IDD severely reduces patients' quality of life and brings massive
economic pressure on their families [3]. Currently, the main way of
curing IDD is surgery, such as discectomy and vertebral body fusion [4].
Molecular biological therapy is the basic strategy for IDD treatment, but
there is still needing to find novel markers for the treatment of IDD.
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joints, and growth plate cartilage [5-7]. Autophagy limited the activation
of inflammasomes and alleviated the secretion of inflammatory cytokines
[8]. Ge Y et al. assumed that autophagy regulated inflammasome acti-
vation and affected the outcome of cell pyroptosis [9]. Pyroptosis is a
newly discovered form of programmed cell death, which is also involved
in NP cells (NPCs) during IDD progression [10]. Zhang J et al. reported
that mesenchymal stem cells (MSCs)-derived exosomes (Exos) inhibited
pyroptosis of NPCs [11]. Zhou Y et al. revealed that morin attenuated
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pyroptosis of NPCs to ameliorate IDD [12]. However, the comprehensive
roles of pyroptosis in IDD have not been fully established.

Stem cell-based regeneration strategies are very promising in IDD
[13]. It was reported that SOD2 and catalase could improve the patho-
logical condition of IDD by modifying human adipose tissue stem cells
(hASCs) [14]. Exo is a tiny membrane vesicle with a 40-100 nm diameter
containing protein and nucleic acid, which can be released from many
cell types into the extracellular space and can be non-immunogenic and
capable of crossing the blood-brain barrier [15]. The multiple applica-
tions of hASCs-derived Exo (hASCs-Exo) have been considered as a new
cell-free treatment strategy in the field of regenerative and aesthetic
medicine [16]. hASCs-Exo could increase the migration and proliferation
of NPCs and inhibit inflammatory activity, suggesting that it could be
used to treat IDD [17]. The paracrine function of MSCs works by
secreting soluble factors and releasing extracellular vesicles such as Exo
and microvesicles. They contain many microRNAs (miRNAs) transferred
from their original cells to target cells. In many animal disease models,
single extracellular vesicles are responsible for the therapeutic effect of
MSCs [18]. For example, MSCs-derived exosomal miR-21 activated the
PI3K/Akt pathway by suppressing PTEN, inhibiting NPCs apoptosis and
alleviating IDD [19]. In addition, it has been reported that serum
miR-155-5p was notably reduced in degenerative disc disease patients,
which may be a diagnostic marker for degenerative spinal diseases [20].
However, there is no research report on hASCs-derived exosomal
miR-155-5p in IDD.

According to reports, activating the transforming growth factor beta
(TGFpB) pathway has a good therapeutic prospect for IDD, and over-
activation of the TGFp signaling pathway may lead to the progression
of IDD [21]. TGFp receptor 2 (TGFfR2) is a cell membrane protein
involved in TGFp receptor signaling and an antigen associated with
vascular endothelial cell proliferation. Previous studies have shown that
TGFpBR2 has been identified as one of the miR-155-5p targets [22,23]. We
found through bioinformatics prediction that miR-155-5p has a binding
site with TGFPR2. Therefore, we want to explore the study of miR-155-5p
and TGFBR2 in IDD. In this study, we tried to explore the role of
hASCs-derived exosomal miR-155-5p targeting TGFPR2 in IDD through
in vivo and in vitro experiments and bioinformatics predictions and
whether the mechanisms involved are related to autophagy and pyrop-
tosis. Our research may provide new treatment strategies and targets for
IDD.

2. Materials and methods
2.1. Cell culture and treatment

Human intervertebral disc NPCs were provided by Procell (CP-H097,
Wuhan, China). To find the appropriate concentration of lipopolysac-
charide (LPS) for NPCs, we set up different concentration gradients of
LPS (0, 0.1, 1, 10, 100, 200, 500, and 1000 pg/mL) to treat NPCs. The
experiment was divided into the Control group (NPCs) and the LPS
group.

HASCs were purchased from Procell (CP-H202, Wuhan, China), and
hASCs-Exo were extracted and characterized. NPCs were treated with
LPS (500 pg/mL) for 24 h. NPCs were added with an equal volume of
PBS. HASCs-Exo (Exo secreted by hASCs without any treatment), NC-Exo
(Exo secreted by hASCs transfected with miR-155-5p NC plasmids), and
miR-155-5p-Exo (Exo secreted by hASCs transfected with miR-155-5p
mimic plasmids) were incubated with LPS-induced NPCs for 24 h, and
the concentration of Exo in each treatment was 100 pug/mL [24]. The
experimental groups were the PBS group, hASCs-Exo group, NC-Exo
group, and miR-155-5p-Exo group. Cells were then collected for further
experiments.

NPCs were treated with LPS (500 pg/mL) for 24 h. Before adding
hASCs-Exo, NPCs were pretreated with PBS or 10 mM 3-MA (autophagy
inhibitor) for 2 h [25], corresponding to the LPS group and the 3-MA
group, respectively. Cells in the 3-MA group were added with equal

Journal of Orthopaedic Translation 39 (2023) 163-176

volumes of PBS. HASCs-Exo (Exo secreted by hASCs without any treat-
ment), NC-Exo (Exo secreted by hASCs transfected with miR-155-5p NC
plasmids), and miR-155-5p-Exo (Exo secreted by hASCs transfected with
miR-155-5p mimic plasmids) were incubated with LPS-induced NPCs for
24 h, and the concentration of Exo in each treatment was 100 pg/mL
[24], corresponding to the 3-MA + hASCs-Exo group, 3-MA + NC-Exo
group and 3-MA + miR-155-5p-Exo group. The cells were then collected
for further experiments.

NPCs were treated with LPS (500 pg/mL) for 24 h, and then NPCs
were pretreated with 10 mM 3-MA for 2 h [25]. Then NPCs were added
NC-Exo or miR-155-5p-Exo and incubated with NPCs for 24 h. On this
basis, the cells were seeded in a 6-well plate for 24 h, and the cells were
transfected with recombinant lentivirus si-TGFPR2 or negative control
(si-NC) [26]. The experimental groups were the 3-MA + NC-Exo + si-NC
group, 3-MA + NC-Exo + si-TGFpPR2 group, 3-MA + miR-155-5p-Exo +
si-NC group, and 3-MA + miR-155-5p-Exo + si-TGFBR2 group.

2.2. Cell counting Kit-8 (CCK-8) assay

Cells were digested and seeded in a 96-well plate (5 x 10%), and
corresponding intervention treatments were grouped according to the
experiment, and cultured for 24 h. After incubating for a while, 10 pL of
CCK8 working solution was added. Cells were incubated for 4 h in a 37
°C, 5% CO5 incubator. EIx800 (BioTek, USA) was applied to measure the
absorbance at 450 nm. Cell proliferation ability was detected at 24, 48,
and 72 h.

2.3. TUNEL

TUNEL Apoptosis Detection Kit (#40306ES50, YEASEN, Shanghai)
was utilized to detect NPCs apoptosis. The slices were fixed with 4%
paraformaldehyde. 100 pL Proteinase K working solution and 100 pL 1 x
Equilibration Buffer were added. TdT incubation Buffer was prepared.
Most of the 100 pL 1 x Equilibration Buffer was washed with absorbent
paper around the Equilibration area, and then 50 pL TdT incubation
Buffer was added. DAPI working solution was stained. The tablets were
sealed with buffered glycerin and observed under the fluorescence
microscope.

2.4. Reactive oxygen species (ROS)

ROS detection kit (S0033S, Beyotime) was performed to measure ROS
levels. 1 x 10° cells were taken and centrifuged at 400 g for 5 min. DCFH-
DA was diluted with the serum-free medium at 1:1000. The diluted
DCFH-DA was added to suspend the cells. The cell precipitate was
collected by centrifugation at 400g and washed with serum-free medium
twice for flow cytometry (A00-1-1102, Beckman) detection.

2.5. Cell pyroptosis

The caspase-14+PI expression was detected using the caspase-1
pyroptosis assay kit (AB219935, Abcam). First, the dye solution was
prepared, and 300 pL Washing buffer was added with 2 uL. FAM-YVAD-
FMK stock solution. 300 pL dye solution was added. They were centri-
fuged at 1000 rpm for 5 min, and washed twice with 200 pL. Washing
buffer. The PI working solution was dyed. Flow cytometry was used to
observe and detect cell pyroptosis.

2.6. Flow cytometry

Cells were re-suspended with 200 pL PBS, and primary antibodies
CD73 (12-0739-42, eBioscience), CD44 (12-0441-82, eBioscience), CD45
(12-0459-42, eBioscience), and CD34 (12-0349-42, eBioscience) were
added. 200 pL PBS was added to suspend cells. Cells were filtered by
nylon mesh, and CD73, CD44, CD45, and CD34 expressions were
measured by flow cytometry.



D. Chen et al.
2.7. Immunofluorescence (IF)

Pyroptosis markers (Cleaved caspase-1, NLRP3, ASC-1, and GSDMD)
expressions were tested by IF. The slices were fixed with 4% para-
formaldehyde and permeabilized with 0.5% TritonX-100. Cells were
incubated with primary antibodies Cleaved caspase-1 (PA5-38099, 1:50,
ThermoFisher), NLRP3 (19771-1-AP, 1:50, Proteintech), ASC-1
(ab283684, 1:50, Abcam), and GSDMD (20770-1-AP, 1:50, Pro-
teintech) at 4 °C overnight. Then secondary antibody was incubated, and
the DAPI working solution (Wellbio, China) was stained. Tablets were
sealed with buffered glycerol and observed under the fluorescence
microscope.

2.8. Engyme linked immunosorbent assay (ELISA)

IL-1B and IL-18 levels were detected using IL-1p (CSB-E08053h or
CSB-E08055r, CUSABIO) and IL-18 (CSB-E07450h or CSB-E04610r,
CUSABIO) quantitative ELISA kits according to the instructions. Bio-
Tek microplate reader (MB-530, Heales, China) was applied to test the
concentrations of IL-1p and IL-18 by forming a standard curve with the
provided values.

2.9. Western blot

Total protein was extracted from cells and tissues using RIPA lysis
buffer (#P0013B, Beyotime). SDS-PAGE loading buffer (#MB2479,
Meilunbio) was mixed with adsorbing protein onto the PVDF membrane
by gel electrophoresis. Aggrecan (13880-1-AP, 1:1000, Proteintech),
MMP13 (18165-1-AP, 1:800, Proteintech), TGFpR2 (ab186838, 1:1000,
Abcam), Akt/mTOR pathway-related factors Akt (10176-1-AP, 1:1000,
Proteintech), p-Akt (ab38449, 1:1000, Abcam), mTOR (66888-1-Ig,
1:10,000, Proteintech) and p-mTOR (67778-1-Ig, 1:10,000, Proteintech),
and pyroptosis markers Cleaved caspase-1 (4199, 1:1000, CST), NLRP3
(19771-1-AP, 1:800, Proteintech), ASC-1 (PA5-90403, 1:1000, Invi-
trogen), and GSDMD (PA5-30823, 1:5000, Invitrogen) and autophagy
markers LC3 (14600-1-AP, 1:2500, Proteintech), p62 (66184-1-Ig,
1:4000, Proteintech) primary antibodies, and f-actin (66009-1-IG,
1:1000, Proteintech) were incubated overnight at 4 °C. Then secondary
antibodies were incubated. ECL chromogenic exposure was performed,
protein bands were detected, and B-actin acted as the internal reference.

2.10. miRNA sequencing

Cells in the Control group and LPS group were selected for miRNA
sequencing. First, UMI tools were used to extract and label the
sequencing data in the UMI sequence, and then the sequencing data was
removed by cutadapt to remove the adapter sequence, and the length was
filtered. Double-end merging of the sequences was performed by
bbmerge to verify, avoid sequencing errors, obtain clean data, and
generate quality control reports for raw and clean data by fastqc. Then
comparative analysis was conducted, and a differentially expressed
miRNAs heatmap was drawn. Volcano plots showed changes in miRNA
expression between the two groups.

2.11. Quantitative real-time PCR (qRT-PCR)

Total RNA was extracted by the Trizol method and reverse tran-
scribed into cDNAs by cDNA reverse transcription kit (#CW2569, Beijing
ComWin Biotech, China). Ultra SYBR Mixture (#CW2601, Beijing
ComWin Biotech, China) was utilized to detect gene expression on
quantitative PCR (QuantStudiol, Thermo, USA). Using U6 or GAPDH as
an internal reference gene, gene expression was calculated by the 2744t
method. Table 1 shows the primer sequences.
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Table 1
The sequence used in this study.

Name Sequences

AGGGACGGGACGCGGTGCAGTG
GCTGTCAACGATACGCTACGTA
ATCATAGAGGAAAATCCACGT
GCTGTCAACGATACGCTACGTA
AATCATACACGGTTGACCTATT
GCTGTCAACGATACGCTACGTA
TTAATGCTAATCGTGATAGGGGTT
GCTGTCAACGATACGCTACGTA
TGGAAGACTAGTGATTTTGTTGTT
GCTGTCAACGATACGCTACGTA
CCACTTGGATCTGAAGGCTGCCC
GCTGTCAACGATACGCTACGTA
CAGAACAGGAGCATAGAAAGGC
GCTGTCAACGATACGCTACGTA
TTAATGCTAATCGTGATAGGGGTT
GCTGTCAACGATACGCTACGTA

hsa-miR-92b-5p-F
hsa-miR-92b-5p-R
hsa-miR-376a-3p-F
hsa-miR-376a-3p-R
hsa-miR-154-3p-F
hsa-miR-154-3p-R
hsa-miR-155-3p-F
hsa-miR-155-3p-R
hsa-miR-7-5p-F
hsa-miR-7-5p-R
hsa-miR-3614-5p-F
hsa-miR-3614-5p-R
hsa-miR-4773-F
hsa-miR-4773-R
hsa-miR-155-5p-F
hsa-miR-155-5p-R

hsa-miR-12136-F GAAAAAGTCATGGAGGCC
hsa-miR-12136-R GCTGTCAACGATACGCTACGTA
hsa-miR-132-5p-F ACCGTGGCTTTCGATTGTTACT
hsa-miR-132-5p GCTGTCAACGATACGCTACGTA
U6-F CTCGCTTCGGCAGCACA

U6-R AACGCTTCACGAATTTGCGT
TGFpR2-F CGTGAAGAACGACCTAACC
TGFBR2-R CCACCTGCCCACTGTTAG
GAPDH-F ACAGCCTCAAGATCATCAGC
GAPDH-R GGTCATGAGTCCTTCCACGAT

2.12. Oil-red O staining

The slices were washed with PBS 2-3 times. The slices were fixed
with 4% paraformaldehyde. 100 pL Oil-red O staining solution was
added. 70% alcohol was added. Hematoxylin was stained for 1-3 min.
The slices were rinsed with distilled water and returned to blue with PBS.
Tablets were sealed with buffered glycerin and observed under the
microscope.

2.13. Alizarin red staining

2 mL 4% neutral formaldehyde solution was added and fixed for 30
min. A neutral formaldehyde solution was sucked up. 1 mL alizarin red
dye was added for 3-5 min. Alizarin red dye was sucked up and observed
by microscope.

2.14. Alcian blue staining

As mentioned above, 2 mL 4% neutral formaldehyde solution was
added and fixed for 30 min. A neutral formaldehyde solution was sucked
up. 1 mL alcian blue dye was added for 30 min. Alcian blue dye was
sucked up and observed by the microscope.

2.15. Extraction and identification of hASCs-Exo

Exos were extracted from cell culture supernatant using an exo
extraction kit (EXOQ5A-1, SBI) according to instructions. HASCs were
cultured in DMEM, and the supernatant was collected at 48-72 h to
extract exos for subsequent detection. The extracted exos were re-
suspended in PBS in an appropriate volume. Particle size distribution
of hASCs-Exos was measured by nanoparticle tracking analysis (NTA).
The morphology and size of hASCs-Exos were displayed by transmission
electron microscopy (TEM). Western blot analysis was performed using
CD63 (25682-1-AP, 1:500, Proteintech), CD81(66866-1-Ig, 1:3000,
Proteintech), TSG101 (14497-1-AP, 1:1000, Proteintech), GM130
(11308-1-AP, 1:5000, Proteintech) and Calnexin (10427-1-AP, 1:8000,
Proteintech) and exosome uptake experiment was performed according
to the previous study [27].
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2.16. Bioinformatics prediction

MiR-155-5p and TGFPR2 binding sites were predicted by Starbase.
Three IDD-related datasets GSE15227, GSE23130 and GSE67567 were
selected. GSE15227 and GSE23130 were used for differences in TGFpR2
between high and low grades in IDD. GSE67567 was used for differences
in TGFPR2 between IDD and Normal patients. All data were normalized.
Difference analysis R language limma package was applied. The up-
regulated TGFBR2 was screened in all three datasets. TGFpR2_PPI was
plotted, and GO and KEGG enrichment analyses were performed. Venn
diagram and TGFpR2_miRNA network diagram were drawn.

2.17. Dual-luciferase reporter gene assay

To verify the binding of TGFR2 to miR-155-5p, a wild-type (WT) or
mutant (MUT) TGFPR2 fragment was constructed and inserted into the
pmirGLO vector (Promega). Lipofectamine 3000 reagents (Invitrogen)
were performed to transfect the recombinant vector, and mimics NC and
miR-155-5p mimics were transferred into cells. Luciferase activity was
measured by Nano-Glo dual luciferase reporter method.

2.18. Animals model

This study was approved by the animal experiment ethics committee
of China-Japan Friendship Hospital and conducted in strict accordance
with the national institutes of health guidelines for the care and use of
experimental animals (zryhyy61-21-05-01). The treatment of animals
during the experiment conforms to the standards of “Guiding Opinions
on Being kind to Experimental Animals”” by the Ministry of Science and
Technology in 2006.

First, 30 male Sprague-Dawley rats (8 weeks old) were randomly
divided into the Control group (n = 6) and the Model group (n = 24). The
rats in the Model group were anesthetized with isoflurane and a needle
(27G) was applied to completely pierce entire annulus fibrosus (Co7/8)
via tail skin, as confirmed by experimental X-ray photographs. The
needle was left in the intervertebral disc for about 1 min, and the length
of the needle was about 5 mm [11,23,25]. In the Control group, needles
(27G) were not used to pierce the entire annulus fibrosus (Co7/8), and
other operations were the same as in the Model group. After seven days of
modeling, the Model group was randomly divided into the IDD,
hASCs-Exo, NC-Exo, and miR-155-5p-Exo groups. IDD group no longer
does processing. The hASCs-Exo, NC-Exo, and miR-155-5p-Exo groups
were treated as follows: the rats were anesthetized and made a small
incision on the left side to expose the previously punctured intervertebral
disc [28]. About 1.5 x 10° purified hASCs-Exo (Exo secreted by hASCs
without any treatment), NC-Exo (Exo secreted by hASCs transfected with
miR-155-5p NC plasmids), and miR-155-5p-Exo (Exo secreted by hASCs
transfected with miR-155-5p mimic plasmids) were slowly injected into
the punctured intervertebral disc using no. 33 needle (Hamilton, Bona-
duz, Switzerland) and connected with a microliter syringe (Hamilton)
[19,22,24]. Repeated injections were given after 4 weeks (the interver-
tebral disc was collected 4 weeks later after the second injection) or once
every two weeks for 2 months or once a week until 9 weeks. After the
intervertebral disc tissues were collected for fixation and decalcification.
NP tissues were collected and stored at —80 °C for qRT-PCR and Western
blot detection.

2.19. HE staining

The sections were baked at 60 °C for 12 h, dewaxed to water, and
stained with hematoxylin for 1 min. The eosin was stained for 0.5 min.
Gradient alcohol (95-100%) was used for dehydration. Tablets were
sealed with neutral gum and observed under the microscope.
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2.20. SafraninO-Fast Green Staining

The intervertebral disc tissue sections were dewaxed to water. After
dyeing with fast green dye, they were dyed with SafraninO. The sections
were blow-dried with a hair dryer, placed in xylene, and sealed with
neutral gum. Then intervertebral disc tissue was observed and photo-
graphed under the microscope to evaluate the disc injury.

2.21. Statistical analysis

GraphPad Prism 8.0 software was used for statistical analysis. The
measurement data were expressed by Mean + Standard deviation (SD).
Student's t-test was performed between two groups. One-way analysis of
variance (ANOVA) was performed for multiple groups. P < 0.05 indi-
cated statistically significant.

3. Results

3.1. LPS promoted pyroptosis of NPCs, inhibited autophagy and ECM
synthesis

First, to find the appropriate concentration of LPS, we set different
concentration gradients of LPS (0, 0.1, 1, 10, 100, 200, 500, and 1000 pg/
mlL) to treat NPCs. Cell viability decreased notably with increased LPS
concentration (Fig. 1A). LPS treated with 500 pg/mL or 1000 pg/mL
showed higher inhibition of NPCs activity than other concentrations,
suggesting that 500 pug/mL LPS may be the maximum effective dose to
inhibit NPCs activity. Therefore, 500 pg/mL LPS was selected for sub-
sequent experiments. Next, we detected the apoptosis of NPCs. NPCs
apoptosis of the LPS group was notably increased compared to the
Control group (Fig. 1B). ROS and caspase-1+PI levels were increased
after LPS treatment (Fig. 1C and D). In addition, Caspase-1, NLRP3, ASC-
1, and GSDMD expressions were increased after LPS treatment (Fig. 1E).
ELISA results showed that IL-1p and IL-18 levels were increased after LPS
treatment (Fig. 1F). After LPS treatment, p62 expression was elevated,
while LC3II/I expression was reduced (Fig. 1G). MMP13 expression was
promoted, while Aggrecan expression was inhibited in the LPS group
(Fig. 1H). Our results indicated LPS promoted pyroptosis of NPCs, and
inhibited autophagy and ECM synthesis.

3.2. Differentially expressed miRNAs were identified in LPS-induced NPCs

Next, miRNA sequencing analysis was performed on NPCs. Fig. 2A
showed the heatmap of differentially expressed miRNAs in the Control
group and the LPS group. The volcanic map showed changes in miRNA
expression between the two groups (Fig. 2B). Finally, qRT-PCR was
performed to detect the top ten differentially expressed miRNA expres-
sions in two groups. Among them, the expressions of miR-155-5p, miR-
4773, and miR-92b-5p were significantly decreased in the LPS group
compared with the Control group (P < 0.01, P < 0.001, Fig. 2C), so miR-
155-5p, miR-4773, and miR-92b-5p were selected for subsequent
validation.

3.3. Extraction and identification of hASCs-Exos

Next, we purchased hASCs and identified them. As shown in Fig. S1A,
hASCs were shuttle type. After induction and differentiation, Oil Red,
Alizarin Red and Alcian blue staining were all positive. Flow cytometry
revealed that CD73 and CD44 were positive, and CD45 and CD34 were
negative (Fig. S1B). This suggested hASCs identification was successful.
Next, we extracted and characterized hASCs-Exos. As shown in Fig. S2A,
the particle size of exos was about 100-200 nm. TEM results showed that
exos were oval vesicles (Fig. S2B). CD63, CD81 and TSG101 were
expressed in hASCs and hASCs-Exos, and the expression was more
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Fig. 1. LPS promoted pyroptosis of NPCs, and inhibited autophagy and ECM synthesis. A. CCK-8 was applied to measure NPCs viability. *, P < 0.05. B. The
apoptosis of NPCs. C. ROS expression in each group. D. caspase-1+PI expression. E. Caspase-1, NLRP3, ASC-1, and GSDMD expressions were detected by IF in each
group. F. The expression of IL-1f and IL-18 in NPCs was measured by ELISA. G. Western blot was applied to measure autophagy markers (LC3, p62) expressions in each
group. H. Western blot detection of Aggrecan and MMP13 expressions in NPCs of each group. *, P < 0.05 compared with the Control group.

obvious in hASCs-Exos. GM130 and Calnexin were not obvious in hASCs-
Exos (Fig. S2C). These results indicated that hASCs-Exos had been suc-
cessfully extracted and identified.

3.4. hASCs-derived exosomal miR-155-5p inhibited pyroptosis of NPCs
and promoted autophagy and ECM synthesis

Then we verified the expression of miR-155-5p, miR-4773 and miR-
92b-5p in hASCS-Exos and hASCs. As shown in Fig. 3A, the expression
of miR-155-5p, miR-4773, and miR-92b-5p in the hASCs group was
significantly decreased compared with the hASCs-exo group (P < 0.05, P
< 0.01). Among them, the decrease of miR-155-5p was more obvious.
Therefore, miR-155-5p was selected for subsequent study. In addition,
the transfection efficiency of the miR-155-5p mimic was determined by

qRT-PCR. Fig. 3B showed that hASCs plasmids were successfully trans-
fected. The results of the exosome uptake experiment showed that the
presence of exos in NPCs was observed (Fig. 3C). In addition, qRT-PCR
was performed to verify whether NPCs affected miR-155-5p expression
through uptaking exos. Fig. 3D showed that miR-155-5p expression was
elevated in hASCs-Exo and miR-155-5p-Exo groups compared to PBS and
NC-Exo groups, respectively. Compared with the PBS group and NC-Exo
group, NPCs apoptosis, ROS and caspase-1+PI levels were repressed in
the hASCs-Exo group and miR-155-5p-Exo group, respectively
(Fig. 3E-G).

Next, IF was performed to determine the expression of pyroptosis
markers Caspase-1, NLRP3, ASC-1, and GSDMD in each group. Pyroptosis
markers expressions were decreased in the hASCs-Exo group and miR-
155-5p-Exo group compared to the PBS group and NC-Exo group,
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Fig. 2. Differentially expressed miRNAs were identified in LPS-induced NPCs. A. Heat map of differentially expressed miRNAs. B. Volcanic map of changes in
miRNA expression between the two groups. C. qRT-PCR detection of top ten differentially expressed miRNAs expressions in the Control group and LPS group. *, P <

0.05 compared with the Control group.

respectively (Fig. 3H, Fig. S3). ELISA results showed that IL-1p and IL-18
levels were decreased in the hASCs-Exo group and miR-155-5p-Exo
group compared with the PBS group and NC-Exo group, respectively
(Fig. 3I). In addition, we detected the expression of autophagy markers
(LC3, p62), Aggrecan, and MMP13 in each group. p62 expression was
reduced, and LC3II/I expression was elevated in the hASCs-Exo group
and miR-155-5p-Exo group in contrast with the PBS group and NC-Exo
group, respectively. Compared with the PBS group and NC-Exo group,
MMP13 expression in the hASCs-Exo group and miR-155-5p-Exo group
decreased, while Aggrecan expression increased (Fig. 3J-K). These re-
sults revealed hASCs-derived exosomal miR-155-5p inhibited pyroptosis
of NPCs and promoted autophagy and ECM synthesis.

3.5. hASCs-derived exosomal miR-155-5p promoted autophagy and
inhibited pyroptosis in NPCs

Then we added the autophagy inhibitor 3-MA to further study the
effect of hASCs-derived exosomal miR-155-5p on NPCs pyroptosis and
ECM degeneration. Firstly, Western blot was performed to measure the
expression of autophagy markers (LC3, p62) in each group. Compared
with the LPS group, p62 expression was elevated, and LC3II/I expression
was repressed in the 3-MA group. However, p62 expression was inhibi-
ted, and LC3II/I expression was facilitated in the 3-MA + hASCs-Exo
group and 3-MA + NC-Exo group. Similarly, p62 expression was sup-
pressed, and LC3II/I expression was promoted in the 3-MA + miR-155-
5p-Exo group compared to the 3-MA + NC-Exo group (Fig. 4A). NPCs
apoptosis, ROS and caspase-1+PI levels were increased in the 3-MA
group and decreased in the 3-MA + hASCs-Exo group and 3-MA + NC-
Exo group than the LPS group. Compared with the 3-MA + NC-Exo group,
NPCs apoptosis, ROS and caspase-1+PI levels in the 3-MA + miR-155-5p-
Exo group were also reduced (Fig. 4B-D).
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Next, IF was utilized to test the expression of pyroptosis markers
Caspase-1, NLRP3, ASC-1, and GSDMD in each group. The results showed
that pyroptosis markers levels were increased in the 3-MA group and
decreased in the 3-MA + hASCs-Exo and 3-MA + NC-Exo group
compared to the LPS group. Pyroptosis markers levels were also
decreased in the 3-MA + miR-155-5p-Exo group than the 3-MA + NC-Exo
group (Fig. 4E). ELISA results revealed that IL-1p and IL-18 levels were
promoted in the 3-MA group and decreased in the 3-MA + hASCs-Exo
and the 3-MA + NC-Exo group compared to the LPS group. IL-1p and IL-
18 levels were also decreased in the 3-MA + miR-155-5p-Exo group in
contrast with the 3-MA + NC-Exo group (Fig. 4F). Finally, the expression
of Aggrecan and MMP13 was detected by Western blot. Compared with
the LPS group, MMP13 expression was promoted, and Aggrecan
expression was repressed in the 3-MA group. However, MMP13 expres-
sion was reduced, and Aggrecan expression was elevated in the 3-MA +
hASCs-Exo group and 3-MA + NC-Exo group. MMP13 expression in the
3-MA + miR-155-5p-Exo group was also decreased, and Aggrecan
expression was also increased than the 3-MA + NC-Exo group (Fig. 4G).
Our results further illustrated that hASCs-derived exosomal miR-155-5p
promoted autophagy and inhibited pyroptosis in NPCs.

3.6. miR-155-5p targeted TGFSR2

Studies have shown that TGFpR2 was identified as one of the miR-
155-5p targets [22,23]. Boxplots showed differences in TGFpR2 be-
tween high and low grades in IDD and between IDD and Normal patients
(Fig. 5A). Fig. 5B showed the TGFR2_PPI map. In addition, GO showed
that it was mainly enriched in the transmembrane receptor protein ser-
ine/threonine kinase signaling pathway and transforming growth factor
beta (TGFp) receptor signaling pathway. KEGG showed that it was mainly
enriched in the TGF-beta signaling pathway and hippo signaling pathway
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Fig. 3. hASCs-derived exosomal miR-155-5p inhibited pyroptosis of NPCs and promoted autophagy and ECM synthesis. A. qRT-PCR detection of miR-155-5p
level in hASCs and hASCs-Exos. B. Transfection efficiency of miR-155-5p mimic. C. Exosome uptake experiment. D. miR-155-5p expression was detected by qRT-PCR.
E. Apoptosis of NPCs in each group was detected by TUNEL. F and G. Flow cytometry detection of ROS and caspase-1+PI expressions. H. The expression of Caspase-1,
NLRP3, ASC-1, and GSDMD was detected by IF. I. The expressions of IL-1p and IL-18 in NPCs were tested by ELISA. J and K. Western blot was applied to measure the
expression of autophagy markers (LC3, p62), Aggrecan and MMP13. *, P < 0.05 compared with the PBS group. #, P < 0.05 compared with the NC-Exo group.

(Fig. 5C). Venn diagram showed that TGFR2 targeted different miRNAs
(Fig. 5D). Next, through bioinformatics prediction, we found miR-155-5p
had binding sites with TGFpR2 (Fig. 5E). In addition, dual-luciferase
assay verified the targeting relationship of has-miR-155-5p and
TGFBR2 (Fig. 5F).

3.7. miR-155-5p targeted TGFfR2 to promote autophagy and inhibit
pyroptosis in NPCs

To study the role of miR-155-5p and TGFBR2 in IDD, miR-155-5p-Exo
was added, and TGFBR2 was knocked down. First, TGFR2 expression
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Fig. 4. hASCs-derived exosomal miR-155-5p promoted autophagy and inhibited pyroptosis in NPCs. A. Western blot detection of the protein expression of
autophagy markers (LC3, p62) in each group. B. Apoptosis of NPCs in each group was detected by TUNEL. C and D. Flow cytometry detection of ROS and caspase-1-PI
levels in each group. E. The expression of Caspase-1, NLRP3, ASC-1, and GSDMD was detected by IF in all groups. F. The level of IL-1p and IL-18 in NPCs was detected
by ELISA. G. Western blot detection of Aggrecan and MMP13 expressions in NPCs of each group. *, P < 0.05 compared with the LPS group. #, P < 0.05 compared with
the 3-MA group. @ P < 0.05 compared with the 3-MA + NC-Exo group.

was detected in the Control group and LPS group. After LPS treatment,
TGFPR2 expression was significantly increased (Fig. 6A). qRT-PCR and
western blot verification revealed that si-TGFBR2 was successfully
transfected (Fig. 6B). Compared with the NC-Exo + si-NC group and miR-
155-5p-Exo + si-NC group, NPCs apoptosis was decreased, and ROS and

caspase-1+PI levels were decreased in the NC-Exo + si-TGFSR2 group
and miR-155-5p-Exo + si-TGFpPR2 group, respectively (Fig. 6C-E).
Caspase-1, NLRP3, ASC-1, and GSDMD expression were decreased in the
NC-Exo + si-TGFfR2 group and miR-155-5p-Exo + si-TGFPR2 group than
the NC-Exo + si-NC group and miR-155-5p-Exo + si-NC group,
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Fig. 5. miR-155-5p targeted TGFPR2. A. Boxplots showed differences in TGFPR2 between high and low grades in IDD and between IDD and Normal patients. B.
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miR-155-5p and TGFBR2. F. Dual-luciferase detection of the targeting relationship between miR-155-5p and TGFBR2. *, P < 0.05.

respectively (Fig. 6F). ELISA results showed that IL-1p and IL-18 levels
were decreased in the NC-Exo + si-TGFBR2 group and miR-155-5p-Exo
+ si-TGFBR2 group compared to the NC-Exo + si-NC group and miR-155-
5p-Exo + si-NC group, respectively (Fig. 6G).

In addition, we detected the expression of Aggrecan, MMP13, and
Akt/mTOR pathway-related factors (Akt, p-Akt, mTOR, and p-mTOR).
Compared with the NC-Exo + si-NC group and miR-155-5p-Exo + si-NC
group, the expression of MMP13 in the NC-Exo + si-TGFpPR2 group and
miR-155-5p-Exo + si-TGFR2 group decreased, while the expression of
Aggrecan increased. There was no significant difference in the expression
of Akt and mTOR. The expressions of p-Akt and p-mTOR were increased
in the NC-Exo + si-TGFPR2 group and miR-155-5p-Exo + si-TGFfR2
group compared to the NC-Exo + si-NC group and miR-155-5p-Exo + si-
NC group, respectively (Fig. 6H). Our results suggested miR-155-5p
targeted TGFPR2 to promote autophagy and inhibit pyroptosis in NPCs.

3.8. hASCs-derived exosomal miR-155-5p alleviated IDD in rats

Finally, we verified the role of hASCs-derived exosomal miR-155-5p
on IDD in vivo. First, HE staining showed that the morphology and
structure of the intervertebral disc in the Control group were normal
without lesions. The structure of the intervertebral disc in the IDD group
showed degeneration. NP disappeared and was replaced by disordered
fibrous tissues, while the orderly arrangement of annulus fibrosus was
disrupted, and part of the endplate disappeared. Compared with the NC-
Exo group, the miR-155-5p-Exo group had a more significant effect on
alleviating the symptoms of intervertebral disc tissue degeneration
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(Fig. 7A). SafraninO-Fast Green Staining showed that there was no
damage in the Control group, and the SafraninO coloration was uniform.
The cartilage damage in the IDD group was severe, and the coloration of
SafraninO was uneven. Compared with the NC-Exo group, the miR-155-
5p-Exo group was more effective in relieving the symptoms of interver-
tebral disc injury (Fig. 7A). In addition, miR-155-5p expression in the
IDD group was decreased, and TGFBR2 expression was increased than the
Control group. Compared with the NC-Exo group, the miR-155-5p-Exo
group had elevated miR-155-5p expression and decreased TGFPR2
expression (Fig. 7B). Flow cytometry results showed IDD group had
higher caspase-1+PI and ROS levels and increased apoptosis. Compared
with the NC-Exo group, caspase-1+PI and ROS levels decreased by 60%
and 50% in the miR-155-5p-Exo group, and apoptosis decreased by 67%
(Fig. 7C).

Next, Western blot was applied to measure the expression of pyrop-
tosis markers (Caspase-1, NLRP3, ASC-1, and GSDMD) in each group. The
levels of pyroptosis markers increased in the IDD group in contrast with
the Control group. Compared with the NC-Exo group, pyroptosis markers
Caspase-1, NLRP3, ASC-1, and GSDMD levels were decreased by 52%,
74%, 69%, and 63% in the miR-155-5p-Exo group (Fig. 7D). ELISA re-
sults showed the expressions of IL-1§ and IL-18 in the IDD group were
increased than Control group. Compared with the NC-Exo group, the
expression of IL-1p and IL-18 was reduced by 90% and 86% in the miR-
155-5p-Exo group (Fig. 7E).

Additionally, we examined the expression of autophagy markers
(LC3, p62). As shown in Fig. 7F, compared with the Control group, the
LC3II/1 expression was inhibited and the p62 expression was promoted in
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Fig. 6. miR-155-5p targeted TGFPR2 to promote autophagy and inhibit pyroptosis in NPCs. A. qRT-PCR was operated to detect TGFPR2 expression in the
Control group and LPS group. B. qRT-PCR and western blot were used to verify the transfection efficiency of si TGFpR2. C. Apoptosis of NPCs in each group was
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GSDMD was detected by IF. G. The expression of IL-1f and IL-18 in NPCs was detected by ELISA. H. Western blot was used to measure the expression of Akt/mTOR
pathway-related factors (Akt, p-Akt, mTOR, and p-mTOR), Aggrecan and MMP13 in NPCs of each group. *, P < 0.05 compared with the NC-Exo + si-NC group. #, P <
0.05 compared with the miR-155-5p-Exo + si-NC group.
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Fig. 7. hASCs-derived exosomal miR-155-5p alleviated IDD in rats. A. HE staining was applied to detect the degeneration of intervertebral disc tissue. Safranin O-
Fast Green Staining assessment of intervertebral disc injury. B. QRT-PCR detection of miR-155-5p and TGFPR2 expression in NP tissue of each group. Western blot
detection of the expression of TGFSR2 in NP tissue of each group. C. Flow cytometry detection of ROS and caspase-1 levels and the apoptosis of NPCs in each group. D.
Western blot detection of the protein expressions of pyroptosis markers (Caspase-1, NLRP3, ASC-1, and GSDMD) in the NP tissue of each group. E. The level of IL-1p
and IL-18 in NP tissue was tested by ELISA. F. The expression of autophagy markers (LC3, p62) in the NP tissue was detected by Western blot. G. Western blot detection
of the expression of Akt/mTOR pathway-related factors (Akt, p-Akt, mTOR, p-mTOR), Aggrecan and MMP13 in the NP tissue of each group. *, P < 0.05 compared with
the Control group. #, P < 0.05 compared with the IDD group. @ P < 0.05 compared with the NC-Exo group. (For interpretation of the references to colour in this

figure legend, the reader is referred to the Web version of this article.)

the IDD group. LC3II/I expression was increased by 123% and p62
expression was repressed by 66% in the miR-155-5p-Exo group than the
NC-Exo group. There was no significant difference in the expression of
Akt and mTOR among the groups. The expressions of p-Akt and p-mTOR
were repressed in the IDD group differently from the Control group.
Compared with the NC-Exo group, the expression of p-Akt and p-mTOR
was increased by 180% and 129% in the miR-155-5p-Exo group.
Aggrecan expression was repressed, and MMP13 expression was more
elevated in the IDD group than in the control group. Aggrecan expression
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was promoted by 152%, and MMP13 expression was suppressed by 59%
in the miR-155-5p-Exo group in contrast with the NC-Exo group
(Fig. 7G). Our study demonstrated that hASCs-derived exosomal miR-
155-5p alleviated IDD in rats.

4. Discussion

IDD is a complex chronic disease involving NPCs senescence,
apoptosis, autophagy and ECM degradation [29]. In this study, we found
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through in vivo and in vitro verification that hASCs-derived exosomal
miR-155-5p alleviated IDD by targeting TGFPR2 to promote autophagy
and reduce pyroptosis. This is the first time we have reported the study of
hASCs-derived exosomal miR-155-5p in IDD.

Autophagy is the process of cells self-digesting and recovering
damaged components under stress conditions, especially under nutrient
deprivation conditions, and is an important mechanism for cell survival
[30]. There are autophagy markers in the intervertebral disc tissue, and
intervertebral disc cells can respond to cellular stressors in vitro to
regulate autophagy [31]. Most of the results of previous studies have
shown that by promoting autophagy of NPCs inhibited apoptosis and
thus improved IDD [23,32-34]. There are also a small number of pre-
vious studies indicating that inhibiting autophagy improved IDD [6,29].
Moreover, studies have reported that ROS relied on NLRP3 and PYCARD
to induce pyroptosis of NPCs, and increased NFE2L2, Nrf2 and autophagy
of NPCs, and these two factors could alleviate pyroptosis [35]. This in-
dicates that in the IDD model, there is an interaction between NPCs
autophagy and pyroptosis. During IDD process, multiple inflammatory
factors and catabolic factors accumulate in NP tissue, subsequently af-
fects the viability and function of NPCs [36]. Currently, many studies
have reported that NPCs death was a crucial event during IDD formation.
Various types of programmed cell death contributed to the pathogenesis
of IDD, including cell apoptosis, pyroptosis, and necroptosis [37]. Studies
have shown that LPS could induce inflammatory factor production and
ECM degeneration in NPCs [38]. Zhang J et al. developed an IDD model
using LPS-treated NPCs and evaluated the therapeutic ability of MSCs
and related exos on NPCs pyroptosis [11]. Their results suggested that
MSCs treatment inhibited LPS-induced pyroptosis in NPCs. Liao Z et al.
also treated NPCs with LPS to establish the cell pyroptosis model and
investigated the effects of autophagy intervention on NPCs in vitro [10].
Their results suggested that LPS induced the pyroptotic phenotype in
NPCs in a dose-dependent manner and impaired autophagy accelerated
the pyroptotic NPCs death induced by LPS. Therefore, we also performed
LPS as a stimulating factor in our in vitro experiments of IDD. In the
present study, we found that LPS induced pyroptosis of NPCs and
inhibited autophagy and ECM synthesis. Our data showed that NPCs
pyroptosis played a vital role in the IDD formation. In addition,
hASCs-based treatment is considered to be a promising way for treating
NP degeneration [39]. Exos is reported to inhibit NPCs apoptosis and
attenuate IDD by activating the AKT and autophagy pathways [40]. After
we successfully extracted and identified hASCs-Exo, we found that
hASCs-derived exosomal miR-155-5p inhibited NPCs pyroptosis and
promoted autophagy and ECM synthesis.

Previous research has shown that overexpression of miR-155-5p alle-
viated lung injury in ventilator-induced lung injury mice following reduced
apoptosis and increased autophagy. Bone-marrow-derived MSCs might
protect lung tissues from mechanical ventilation-induced injury, inhibit
lung inflammation, and promote autophagy by up-regulating miR-155-5p
[41]. Chen LJ et al. reported that miR-155-5p was downregulated in
BEAS-2B cells induced by LPS. Overexpression of miR-155-5p increased
cell proliferation and suppressed inflammatory factors levels and cell
apoptosis [42]. Furthermore, lower expression of miR-155-5p was
observed in exosomes from LPS-stimulated periodontal ligament stem cells
compared with exosomes from normal periodontal ligament stem cells.
Exos from periodontal ligament stem cells alleviated the inflammatory
microenvironment through Th17/Treg/miR-155-5p/SIRT1 regulatory
network [43]. Xu W et al. revealed that downregulation of miR-155-5p
enhanced the anti-tumor effect of cetuximab on triple-negative breast
cancer cells via inducing cell apoptosis and pyroptosis [44]. These studies
suggested that miR-155-5p played an active role in diseases and reduced
pyroptosis. However, miR-155 was also reported to induce pyroptosis. Li C
et al. reported that miR-155 promoted macrophage pyroptosis induced by
Porphyromonas gingivalis via regulating the NLRP3 inflammasome [45]. In a
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similar study, Wang B et al. reported that macrophage-derived miR-155--
containing exosomes promoted cardiomyocyte pyroptosis [46]. These
studies suggested that the pyroptosis involved in miR-155 had two sides in
the disease. After adding the autophagy inhibitor 3-MA, we further illus-
trated that hASCs-derived exosomal miR-155-5p promoted autophagy and
inhibited pyroptosis in NPCs. This indicates that hASCs-derived exosomal
miR-155-5p also played an active role in IDD.

There is increasing evidence that non-coding RNA is involved in IDD.
It was reported that miR-29a was demonstrated to effectively silence
MMP-2 expression, repress the fibrosis process, and reverse IDD via
blocking the p-catenin translocation pathway from cytoplasm to nucleus
[47]. Zhu J et al. reported the IncRNA/circRNA-miRNA-mRNA ceRNA
network in IDD. These determined ceRNA interaction axes may be the
key targets for treating IDD, including miR-155-5p and TGFp1 [48]. We
have predicted and verified through bioinformatics that miR-155-5p
targeted and regulated TGFBR2. Moreover, previous studies have
shown that abnormal TGFf activation damaged NPCs and cartilage
endplate cells, which could lead to IDD [49]. Tian Y et al. reported that
TGFf controlled Galectin-3 expression in NPCs through Smad3, which
may be related to IDD [50]. We found miR-155-5p targeted TGFPR2 to
promote autophagy and inhibit pyroptosis in NPCs. This is the first time
we reported miR-155-5p targets TGFPR2 in IDD.

In addition, there are few studies on miR-155-5p involved in AKT/
mTOR pathway in diseases. Ghafouri-Fard S et al. reported that miR-155-
5p had been recognized as a target of non-coding RNA activated by DNA
damage in different cell lines. Furthermore, non-coding RNA activated by
DNA damage also interacted with the Akt/mTOR pathway [51]. In
nephroblastoma, miR-155-5p targeted IGF2 directly to inactivate the
PI3K/AKT/mTOR pathway and exert tumor suppressor effects [52].
However, research on the miR-155-5p and AKT/mTOR pathway in IDD
have not been published yet. We found through in vivo experiments that
the expression of p-Akt and p-mTOR in the IDD group decreased. P-Akt
and p-mTOR expressions increased after adding miR-155-5p-Exo. Our
research showed that hASCs-derived exosomal miR-155-5p alleviated rat
IDD, which involved AKT/mTOR pathway.

However, although our study suggests that miR-155-5p may target
TGFPR2, how TGFBR2 affects autophagy remains unclear. In addition,
how autophagy may relate to pyroptosis is unknown. Due to the limita-
tion of time and funds, we cannot solve this problem well at present. With
sufficient time and funds in the future, we will further study how TGFSR2
affects autophagy and how autophagy may relate to pyroptosis.

In conclusion, our research revealed that hASCs-derived exosomal
miR-155-5p alleviated IDD by targeting TGFPR2 to promote autophagy
and reduce pyroptosis. This is our first report on the study of hASCs-
derived exosomal miR-155-5p in IDD. This is the first time we report
that miR-155-5p targets TGFBR2 in IDD. Our research may provide new
treatment strategies and targets for IDD.
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