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Platelet-rich plasma attenuates intervertebral disc degeneration via delivering
miR-141-3p-containing exosomes
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ABSTRACT

Oxidative stress mediated apoptotic and pyroptotic cell death contributes to intervertebral disc
(IVD) degeneration, and platelet-rich plasma (PRP) exerts protective effects to attenuate IVD
degeneration. Hence, the present study aimed to validate this issue and uncover the potential
underlying mechanisms. The mice and cellular models for IVD degeneration were established by
using puncture method and H,O, exposure, respectively, and we evidenced that NLRP3-mediated
cell pyroptosis, apoptosis and inflammatory responses occurred during IVD degeneration progres-
sion in vitro and in vivo. Then, the PRP-derived exosomes (PRP-exo) were isolated and purified, and
we noticed that both PRP-exo and ROS scavenger (NAC) reversed the detrimental effects of H,0,
treatment on the nucleus pulposus (NP) cells. Further results supported that PRP-exo exerted its
protective effects on H,0O, treated NP cells by modulating the Keap1-Nrf2 pathway.
Mechanistically, PRP-exo downregulated Keap1, resulting in the release of Nrf2 from the Keap1-
Nrf2 complex, which further translocated from cytoplasm to nucleus to achieve its anti-oxidant
biological functions, and H,O, treated NP cells with Nrf2-deficiency did not respond to PRP-exo
treatment. In addition, miR-141-3p was enriched in PRP-exo, and miR-141-3p targeted the 3'
untranslated region (3'UTR) of Keap1 mRNA for its degradation, leading to Nrf2 translocation.
Furthermore, overexpression of miR-141-3p ameliorated the cytotoxic effects of H,O, on NP cells,
which were abrogated by upregulating Keap1 and silencing Nrf2. Taken together, we concluded
that PRP secreted exosomal miR-141-3p to activate the Keap1-Nrf2 pathway, which helped to slow
down IVD degeneration.
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Introduction diameter, which contain cell-derived proteins,

peptides and RNAs [9,10], and the existed data
show that PRP-derived exosomes (PRP-exo) are

Intervertebral disc (IVD) degeneration is consid-
ered to be closely associated with aging and var-

ious environmental stresses, including nutrient
deprivation, acidic stress, hyperglycemia, hypoxia,
Reactive Oxygen Species (ROS), chronic inflam-
mation [1-3], and the center of the disc contains
a highly hydrated gelatinous aggrecan-rich core,
which is also known as nucleus pulposus (NP)
[1,4,5]. NP is surrounded by the annulus fibrosus
(AF) containing collagen I-rich fibrous cartilage,
and the boundary between NP and AF becomes
obscure when IVD degeneration occurs [1,4,5].
Recently, emerging evidences pinpoint that plate-
let-rich plasma (PRP) can be used as therapeutic
agent to attenuate IVD degeneration [6-8], but the
molecular mechanisms are still largely unknown.
Exosomes are a kind of vesicles with 40-100 nm

critical to cure multiple diseases, such as osteoar-
thritis [11], diabetes [12], osteonecrosis [13], and
so on. However, it is still unclear whether PRP
exerts its therapeutic effects on IVD degeneration
via transferring exosomes.

Cell pyroptosis is a newly identified type of
inflammation-associated cell death, which is often
accompanied by various pro-inflammatory cyto-
kines secretion [14,15]. According to the previous
studies, NLRP3-mediated pyroptotic cell death
[16,17] and cellular inflammation [18,19] in NP
cells contribute to the pathogenesis of IVD degen-
eration, hence, blockage of cell pyroptosis and
inflammation is effective to ameliorate IVD degen-
eration [16-19]. Specifically, Zhang et al. verify
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that mesenchymal stem cells-derived exosomes
reverse IVD degeneration by inhibiting pyroptosis
[17], and data from Wang et al. evidence that
acacetin suppresses cellular inflammation in NP
cells to slow down IVD degeneration [20].
Although no literatures reports the regulating
effects of PRP on cell pyroptosis, some researchers
notice the involvement of PRP and its exosomes
[21] in regulating inflammatory reactions [22,23],
which convince us to investigate the regulating
effects of PRP-exo on cell pyroptosis and inflam-
mation in IVD degeneration.

Oxidative stress-induced cell damages is rele-
vant to IVD degeneration, which suppresses cell
proliferation and promotes cell death in NP cells
[5,24,25]. Also, oxidative stress triggers pyroptotic
cell death to aggravate the development of renal
ischemia-reperfusion injury [26], osteogenic dys-
function [27] and cerebral ischemia-induced neu-
ronal injury [28]. Among all the signaling
pathways, the Kelch-line ECH-associated protein
1 (Keapl)-Nuclear factor (erythroid-derived-2)-
like 2 (Nrf2) pathway has been especially identified
to be critical for regulating oxidative stress [29,30],
cell pyroptosis [26,31] and inflammation [32].
Mechanistically, Nrf2 is released from the Keapl-
Nrf2 complex under oxidative stress, which subse-
quently translocate from cytoplasm to nucleus to
exert its anti-oxidant effects, resulting in the main-
tenance of cellular homeostasis  [29,30].
Interestingly, Shafik et al. report that PRP modu-
late Nrf2 in arthritis [33], and our preliminary data
verified that miR-141-3p was enriched in PRP-exo,
which was confirmed as upstream regulator for
Keapl by Zhang et al. in the vascular smooth
muscle cells [34].

Therefore, we conducted this work based on the
published information and publications, and this
study managed to uncover the potential underly-
ing mechanisms and provide evidences to validate
the utilization and feasibility of PRP-exo for IVD
degeneration treatment.

Materials and methods
IVD degeneration animal models

The animal models were established by using
a puncture method as previously described [35].

Briefly, the male C57BL/6 ] mice (n = 12, aged
3 months old) were purchased from Research
Animal Center of Harbin Medical University and
were maintained in the standard specific-pathogen-
free (SPF) conditions, ad libitum. The mice were
anesthetized by injecting 2,2,2-tri-bromoethanol at
the concentration of 125 mg/kg, and a 29-gauge
needle was utilized to generate puncture at C9-C10
caudal discs, which were collected for further analy-
sis at 6 weeks post-puncture. In addition, the mice
serum was also harvested, and the C9-C10 caudal
discs specimens and mice serum were stored at
—-70°C conditions for Real-Time qPCR, Western
Blot and ELISA analysis. Our animal experiments
were reviewed, monitored and approved by the
Animal Ethics Committee of Harbin Medical
University Affiliated First Hospital (No. 2,021,013).

Cell isolation, culture and treatment

According to the protocols provided by the
previous work [35], the NP cells were isolated
from the mice lumbar discs. Specifically, the
resected spinal columns were used for lumbar
IVDs separation, and a dissection microscope
was employed to obtain AF, which were further
treated with 0.1% collagenase for 3 h, and the
NP tissues were acquired and primarily cul-
tured in the DMEM/F12 medium (Gibco,
USA) containing 10% fetal bovine serum
(Gibco, USA) for 7 days in an incubator with
5% CO, humidified atmosphere and 37°C tem-
perature. Then, the migrated NP cells were
allowed to grow to form confluence, and
1 mM of the 0.25% trypsin-EDTA solution
was added to collect the primary-passage NP
cells, and the NP cells at passage 2 were used
for further experiments. To establish the cellu-
lar models for IVD degeneration, the NP cells
were exposed to 400 uM of H,O, for 6 h based
on our preliminary experiments (data not
shown), and 50 pug/mL of PRP-Exos and ROS
scavenger (NAC, 50 mM) were incubated with
the NP cells for 2 h. In addition, we purchased
the HEK293T cells from ATCC (USA), which
were maintained in the DMEM medium (Gibco,
USA) with 10% FBS (Gibco, USA) under the
standard culture conditions.



Vectors transfection

The miR-141-3p mimic, Keapl overexpression
vectors and Nrf2 knockdown vectors were
designed and synthesized by a commercial third-
party company (Sangon Biotech, USA), which
were delivered into the NP cells by using the
Lipofectamine Transfection Reagent (Invitrogen,
USA) in keeping with its instructions, and the
transfection efficiency was measured by using the
following Real-Time qPCR analysis. The sequences
for the above vectors could be found in the pre-
vious publications [29,30,36].

Analysis of real-time qPCR

Trizol reagent (Invitrogen, USA) was used to
extract the total RNA from the NP cells and tis-
sues, which were quantified spectrophotometri-
cally at 160 nm. Then, the total RNA were
reversely transcribed by the PromerScript RT
Master Mix (Takara, Japan) in keeping with the
producer’s protocols. Finally, the Real-Time qPCR
primer sequences for Keapl, Nrf2, miR-141-3p,
IL-1B, IL-18, TGF-p and IL-6 were synthesized
according to the previous work [29,30,36], and
the SYBR premix Ex Taq (Takara, Japan) com-
bined with a Step One Plus PCR system (Applied
Biosystems, USA) were performed for miRNA and
mRNA quantification, which were respectively
normalized by their internal inference U6 and (-
actin.

Protein quantification by Western blot
analysis

According to the protocols provided by the pre-
vious study [35], we segregated the nucleus and
cytoplasm of the NP cells by using the extraction
buffer and subsequent centrifugation (600 g,
10 min, 4°C). Then, the proteins were obtained
from the NP cells (cytoplasm/nucleus) and tis-
sues by using the RIPA lysis buffer (Beyotime,
Shanghai, China), and the protein concentration
was measured by BCA kit (Beyotime, Shanghai,
China). Next, the proteins were separated by
10% SDS-PAGE, and were transferred onto the
PVDF membranes (Millipore, USA), which were
blocked by 5% nonfat milk and were sequentially
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incubated with the primary antibodies against
NLRP3 (1:1500, Abcam, UK), Gasdermin
D (1:2000, Abcam, UK), p-actin (1:2000,
Abcam, UK), Keapl (1:1000, Abcam, UK) and
Nrf2 (1:2000, Abcam, UK), and with the second-
ary antibodies (1:3000, Proteintech, USA).
Finally, the protein bands were visualized by
ECL system (Bio-Rad, USA) and were quantified
by Image | software.

Enzyme-linked immunosorbent assay (ELISA)

The expression levels of the pro-inflammatory
cytokines (IL-1pB, IL-18, TGF-p and IL-6) in the
NP cell supernatants and mice serum were
measured by their corresponding ELISA kit
(Abcam, UK) according to the manufacturer’s
protocol. Briefly, the NP cells’ supernatants
were collected and homogenized by using the
TBST buffer with 0.1 Tween 20 supplementa-
tion. Then, the supernatants were subjected to
13,000 g centrifugation for 5 min, and were
collected for quantification of the inflammatory
cytokines.

Examination of ROS levels

The NP cells were subjected to H,O, treatment,
and the Reactive Oxygen Species Assay Kit
(YEASEN, Shanghai, China) was bought to exam-
ine ROS levels in the NP cells in keeping with the
manufacturer’s instructions. The NP cells were
incubated with 2, 7-Dichlorodi-hydrofluorescein
diacetate (DCFH-DA) working solution for
30 min at 37°C without light exposure, and the
extracellular DCFH-DA probes were washed away
by using the PBS buffer for 3 times. Next, we used
a  fluorescence  microscope  (ThermoFisher
Scientific, USA) to observe and photograph the
fluorescent images, which were further analyzed
by Image ] software to evaluate ROS generation.
In addition, the GSH/GSSG Ratio Detection Assay
Kit (Fluorometric — Green) (ab138881, Abcam,
UK) was used to examine GSH/GSSG Ratio in
the NP cells by a fluorescence microplate reader
at Ex/Em = 490/520 nm in keeping with the pro-
ducer’s instructions.
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Flow cytometer (FCM) for cell apoptosis

The Apoptosis Detection Kit (YEASEN, Shanghai,
China) was used to examine cell apoptosis accord-
ing to the manufacturer’s protocol. In brief, the
NP cells were respectively stained with Annexin
V-FITC and Propidium iodide (PI) for 10-15 min
at room temperature in darkness. Then, the cells
were suspended by 1 x binding buffer on ice, and
the cell apoptosis ratio was examined by a flow
cytometer (BD Bioscience, USA).

Examination of cell proliferation and viability

We respectively conducted MTT assay and trypan
blue staining assay to measure cell proliferation
and viability in NP cells. Specifically, the NP cells
in passage 2 were seeded in the 96-well plates,
which were subsequently subjected to differential
treatments, and were incubated with MTT solu-
tion for 2 h. Then, the formed formazan was dis-
solved by the DMSO solution, and the 96-well
plates were fully vortexed and the optical density
(OD) values were measured by a microplate reader
(ThermoFisher Scientific, USA) to evaluate cell
proliferation. Moreover, the NP cells were stained
with trypan blue solution for 15 min at 37°C, and
the dead blue cells were counted to evaluate cell
viability under a light microscope (ThermoFisher
Scientific, USA).

Dual-luciferase reporter gene system assay

The dual-luciferase reporter gene system assay
were performed according to the published experi-
mental protocols [37,38]. Specifically, we predicted
the targeting sites of miR-141-3p and Keapl
mRNA by using the online starBase software
(http://starbase.sysu.edu.cn/), and the predicted
binding sequences in Keapl were mutated and
cloned into the luciferase reporter provided by
Sangon Biotech (Shanghai, China), and the wild-
type and mutated Keapl were named as Wt-Keapl
and Mut-Keapl, respectively. Then, the miR-141-
3p mimic and Keapl luciferase reporter vectors
were co-transfected into the HEK293T cells, and
the luciferase activities were measured by using
a luciferase detection kit (Beyotime, Shanghai,
China).

RNA pull-down assay

The binding abilities of miR-141-3p and Keapl
mRNA were verified by the following RNA pull-
down assay in keeping with the protocols reported
in the previous work [39]. Firstly, the biotin-
labeled 3' UTR of Keapl mRNA was designed
and synthesized by Sangon Biotech (Shanghai,
China), which were used for further pull-down
assay. The NP cells were fixed, lysed and centri-
fuged, and the supernatants were collected as
input. Next, the Keapl probes were incubated
with the lysates overnight at room temperature,
and formaldehyde crosslinking was reversed by
Proteinase K. Finally, Real-Time qPCR was con-
ducted to measure the enrichment of miR-141-3p
by Keapl probes.

Data collection, analysis and visualization

The data were presented as Means *+ Standard
Deviations (SD), and were analyzed by SPSS 18.0
software. Means from two groups were compared
by the Student’s t-test, and one-way ANOVA ana-
lysis combined with its post-hoc correction
method (Tukey post-hoc test) was conducted for
the comparisons of means from multiple groups.
Finally, the data were visualized by GraphPad
Prism 8.0 software. Each experiment had at least
3 repetitions, and *P < 0.05 was statistical
significance.

Results

Establishment of IVD degeneration models
in vitro and in vivo

Initially, according to the previous work [35], we
established the mice models for IVD degeneration
by using the puncture method, and the IVD sec-
tions were collected for further analysis. As shown
in (Figure 1(a,b)), the expression levels of pyrop-
tosis associated biomarkers (NLRP3, cleaved
Gasdermin D and caspase-1) were significantly
increased in the mice tissues with IVD degenera-
tion, in contrast with their normal counterparts. In
addition, by performing the Real-Time qPCR ana-
lysis, we noticed that the mRNA levels of IL-1p,
IL-18, TGF-p and IL-6 were increased in IVD
degeneration mice (Figure 1(c)). Consistently, the
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Figure 1. Cell pyroptosis and inflammation involved in regulating IVD degeneration. The mice IVD tissues were collected, and (a, b)
Western Blot analysis was performed to examine NLRP3, cleaved Gasdermin D and caspase-1 expressions. The (c) mRNA levels in IVD
tissues and (d-g) secretion of the pro-inflammatory cytokines in mice serum were detected by Real-Time gPCR and ELISA. The NP
cells were subjected to H,0, treatment, and (h, i) NLRP3, cleaved Gasdermin D and caspase-1 were examined by Western Blot, and
(j) Real-Time gPCR and (k-n) ELISA were respectively used to measure the generation and secretion of the pro-inflammatory
cytokines. (o, p) The NP cells were double-stained with Annexin V-FITC and PI, and FCM was performed to examine cell apoptosis

ratio. *P < 0.05 was deemed as statistical significance.

ELISA results supported that IL-1p (Figure 1(d)),
IL-18 (Figure 1(e)), TGF-B (Figure 1(f)) and IL-6
(Figure 1(g)) were also upregulated in mice serum
with IVD degeneration. Moreover, the NP cells
were exposed to H,0, treatment to mimic the
realistic conditions of IVD degeneration in vitro,
and the data in (Figure 1(h,i)) showed that H,0,
upregulated NLRP3, cleaved Gasdermin D and
caspase-1 to trigger pyroptotic cell death in NP

cells, and further Real-Time qPCR (Figure 1(j))
and ELISA (Figure 1(k-n)) results evidenced that
H,0, also promoted IL-1f, IL-18, TGF- and IL-6
generation and secretion in NP cells and their
supernatants. Additionally, H,O, treatment pro-
moted cell apoptosis in NP cells (Figure 1(o,p)),
the above results suggested that cell pyroptosis and
inflammation were closely associated with the
pathogenesis of IVD degeneration.
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Both PRP-exo and NAC attenuated H,0,
treatment-induced NP cell pyroptosis and
inflammation

Based on the available information that PRP-exo is
reported as an effective therapeutic agent for IVD
degeneration [7,40], and NAC acts as ROS scaven-
ger to exert its anti-oxidant effects [41]. The PRP-
exo were isolated, which were further observed by
electron microscope (Figure 2(a), upper panel) and
were identified by Western Blot analysis with its
biomarkers TSG101 and CD81 (Figure 2(a), lower
panel). Next, the NP cells were treated with both
PRP-exo and NAC, which were further divided
into four groups, including Control, H,O, alone,
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O, (Figure 2(b)). Further results supported that
the inhibiting effects of H,O, treatments on
GSH/GSSG ratio in NP cells were abrogated by
both PRP-exo and NAC (Figure 2(c)). Also, we
expectedly found that the promoting effects of H,
O, on NLRP3, cleaved Gasdermin D and caspase-1
were reversed by co-treating NP cells with PRP-
exo and NAC (Figure 2(d,e)). In addition, data in
(Figure 2(f-j)) supported that both PRP-exo and
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NAC suppressed the pro-inflammatory cytokines
(IL-1B, IL-18, TGF-B and IL-6) generation and
secretion in NP cells and their supernatants.
Furthermore, the results in (Figure 2(k,1)) evi-
denced that PRP-exo and NAC ameliorated H,0,-
induced cell apoptosis in NP cells. The above
results suggested that H,O,-induced both pyrop-
totic and apoptotic cell death in NP cells by trig-
gering ROS production.

The regulating effects of PRP-exo on the
Keap1-Nrf2 pathway

The Keapl-Nrf2 pathway involves in regulating
oxidative stress and IVD degeneration [5], and
PRP-exo exerts its anti-oxidant effects to attenuate
IVD degeneration [7,40]. Based on this, we inves-
tigated the effects of PRP-exo on the Keapl-Nrf2
pathway in NP cells. To achieve this, the NP cells
were exposed to PRP-exo treatment, and we sur-
prisingly found that PRP-exo downregulated
Keapl and wupregulated Nrf2 in NP cells
(Figure 3a-c)). In addition, the nuclear and cyto-
plasm sections of the NP cells were obtained, and
our data in (Figure 3(d-f)) showed that Nrf2
tended to be enriched in the nucleus of PRP-exo
treated NP cells, which were reversed by upregu-
lating Keapl. The above results hinted that, PRP-
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exo downregulated Keapl to release Nrf2 from
Keapl-Nrf2 complex, as a result, Nrf2 translocated
from cytoplasm to nucleus to exert its biological
functions.

PRP-exo regulated cellular functions in the H,
O, treated NP cells in a Nrf2-dependent
manner

To further understand whether PRP-exo sustains
normal functions of H,O, treated NP cells, the
Nrf2 downregulation vectors were designed and
transfected to establish the Nrf2-deficient NP
cells (Figure S1(d, e)). By performing the MTT
assay (Figure 4(a,b)) and trypan blue staining
assay (Figure 4(c,d)), we expectedly found that
PRP-exo rescued cell proliferation and viability in
H,O, treated normal NP cells, but not in the NP
cells with Nrf2 knockdown. Consistently, the inhi-
biting effects of PRP-exo on H,O,-induced apop-
totic cell death were also abrogated by silencing
Nrf2 (Figure 4(e,(f)). Moreover, the following
experiments validated that PRP-exo attenuate cell
pyroptosis and inflammation in a Nrf2-dependent
manner (Figure 4(g-m)). Specifically, Western Blot
analysis results in (Figure 4(gh)) showed that
knock-down of Nrf2 increased the expression
levels of NLRP3, cleaved Gasdermin D and
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Figure 3. The regulating effects of PRP-exo on the Keap1-Nrf2 pathway in NP cells. (a-c) The expression levels of Keap1 and Nrf2,
and (d-f) Nrf2 translocation from cytoplasm to nucleus were measured by using the Western Blot analysis. *P < 0.05 was deemed as

statistical significance.
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Western Blot analysis. (i) Real-Time qPCR was used to examine mRNA levels of the pro-inflammatory cytokines generation. (j-m) The
protein levels of the inflammation associated cytokines in the supernatants were measured by ELISA. *P < 0.05 was deemed as
statistical significance.
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Figure 5. PRP-exo delivered exosomal miR-141-3p to modulate the Keap1/Nrf2 signaling pathway in NP cells. Real-Time gPCR was
used to examine the expression levels of the upstream miRNAs for Keap1 in (a) PRP-exo, and the expression status of miR-141-3p in
NP cells were also determined. (c) The targeting sites of miR-141-3p and 3'UTR of Keap1 mRNA were predicted, which were further
verified by (d) dual-luciferase reporter gene system assay and (e) RNA pull-down assay. (f) The mRNA and (g, h) protein levels of
Keap1 were respectively examined. (i-I) Western Blot analysis was used to analyze the Nrf2 translocation in NP cells. *P < 0.05 was
deemed as statistical significance.



caspase-1 to aggravated cell pyroptosis in PRP-
exo-H,0, co-treated NP cells. Similarly, PRP-exo
suppressed the generation (Figure 4(i)) and secre-
tion (Figure 4(j-m)) of the pro-inflammatory cyto-
kines (IL-1p, IL-18, TGF-P and IL-6) in the PRP-
exo treated NP cells, which were promoted by
knocking down Nrf2.

PRP-exo regulated the Keap1-Nrf2 pathway
by secreting miR-141-3p-containing
exosomes

Previous studies report that PRP-exo delivered
exosomal miRNAs to the target cells [34], and
miRNAs act as post-transcriptional regulators to
regulate the downstream genes by targeting their
3 untranslated  regions (UTRs) [38].
Interestingly, we identified that miR-141-3p,
instead of the other upstream regulators for
Keapl, tended to be enriched in the PRP-exo
(Figure 5(a)), and let-7a was used as internal
inference as previously described [42]. Then,
the PRP-exo was incubated with the NP cells,
and we noticed that PRP-exo delivered miR-141-
3p into the NP cells for its upregulation
(Figure 5(b)). Next, the targeting sites in miR-
141-3p and Keapl mRNA were predicted by
using the bioinformatics analysis, and the bind-
ing sites in Keapl were mutated (Figure 5(c)).
Then, the dual-luciferase reporter gene system
assay validated that miR-141-3p was capable of
binding to the 3'UTR of Keapl mRNA (Figure 5
(d)), and the following RNA pull-down assay
results evidenced that miR-141-3p could be
enriched by Keapl probes (Figure 5(e)). Next,
the miR-141-3p mimic and inhibitor were
synthesized and transfected into the NP cells
(Figure S1(a)), and the results supported that
miR-141-3p negatively regulated Keapl at both
transcriptional (Figure 5(f)) and translational
(Figure 5(g,h)) levels. Moreover, Keapl was
overexpressed in NP cells (Figure S1b, ¢), and
the Western Blot results in (Figure 5(i-1)) vali-
dated that overexpression of miR-141-3p pro-
moted Nrf2 translocation from cytoplasm to
nucleus, which were reversed by upregulating
Keapl.
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Overexpression of miR-141-3p restrained H,
0,-induced cell death and inflammation in NP
cells

Next, the biological functions and mechanisms of
miR-141-3p in regulating H,O,-induced NP cell
death were investigated. To achieve this, miR-141-
3p was overexpressed in the NP cells (Figure S1
(a)), which were divided into four groups, includ-
ing Control, H,O, alone, and H,0, plus OE-miR
-141-3p group. As shown in (Figure 6(a,b)), the
inhibiting effects of H,O, treatment on cell pro-
liferation and viability in NP cells were rescued by
upregulating miR-141-3p. Consistently, the NP
cells were subsequently stained with Annexin
V-FITC and PI, and the following flow cytometry
(FCM) results validated that the promoting effects
of H,O, treatment on NP cell apoptosis were
attenuated by upregulating miR-141-3p (Figure 6
(c,d)). Then, we performed Western Blot analysis
to examine the pyroptosis-associated proteins, and
found that miR-141-3p overexpression decreased
the expression levels of NLRP3, cleaved
Gasdermin D and caspase-1 to block cell pyropto-
sis in H,O, treated NP cells (Figure 6(e,f)).
Furthermore, the Real-Time qPCR (Figure 6(g))
and ELISA (Figure 6(h-k)) results supported that
H,0,-induced pro-inflammatory cytokines (IL-1p,
IL-18, TGF-p and IL-6) production and secretion
in NP cells were also inhibited by upregulating
miR-141-3p.

Discussion

The pathogenesis of intervertebral disc (IVD)
degeneration is very complicated, which is often
attributed to aging and other environmental stres-
ses [1-3]. Currently, IVD degeneration brings
huge health burden as the results of its unclear
progression mechanisms and a lack of effective
therapeutic treatment strategies [43,44].
According to the previous publications, platelet-
rich plasma (PRP) was proved to be effective for
IVD degeneration treatment [6-8], and PRP-
derived exosomes (PRP-exo) might be critical in
this process [11-13], but the detailed mechanisms
were still unclear. Based on the above information,
the PRP-exo was isolated and purified in the
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Figure 6. Overexpression of miR-141-3p attenuated H,0,-induced cell death in NP cells. (a) MTT assay and (b) trypan blue staining
assay were used to examine cell proliferation and viability, respectively. (c, d) Cell apoptosis ratio in the NP cells was examined by
FCM assay. (e, f) The expression levels of NLRP3, cleaved Gasdermin D and caspase-1 were examined by Western Blot. The expression
status of the pro-inflammatory cytokines were examined by (g) Real-Time gqPCR and (h-k) ELISA, respectively. *P < 0.05 was deemed

as statistical significance.

present study, and we provided evidences to sup-
port that PRP-exo were effective to ameliorate
IVD degeneration in vitro and in vivo, and we
also uncovered the potential underlying mechan-
isms that PRP-exo regulated the Keap1-Nrf2 path-
way via exosomal miR-141-3p delivery.

Previous data evidenced that cell pyroptosis,
apoptosis, and inflammation were closely asso-
ciated with IVD degeneration [14,15,45,46], by
using the reported puncture method [5], the mice
models for IVD degeneration were established,
and we expectedly found that NLRP3-mediated
cell pyroptosis and inflammation occurred in
IVD degeneration mice C9-C10 caudal discs.
Consistently, the NP cells were isolated and treated
with H,O, to mimic the realistic conditions of
IVD degeneration in vitro, and the data supported
that H,O, induced cell apoptosis, pyroptosis and

pro-inflammatory cytokines secretion in the NP
cells, which were supported by the previous stu-
dies [14,15,45,46]. Given that PRP had be used for
IVD degeneration treatment [6-8], and PRP-exo
was considered as the main components that con-
tributed to IVD degeneration recovery [11-13], we
found that PRP-exo reversed the detrimental
effects of H,O, treatment on NP cells, suggesting
that PRP-exo was effective to attenuate IVD
degeneration in vitro. In addition, there existed
interplays among oxidative stress, cell pyroptosis,
apoptosis and inflammation [26,47], and our data
validated that blockage of oxidative stress attenu-
ated H,0,-induced cell apoptosis, pyroptosis and
inflammation in NP cells. According to recent
publications, both apoptotic and pyroptotic cell
death involve in IVD degeneration [14,15,45,46],
and Lamkanfi et al. evidence that caspase-8



molecular switch is pivotal for the transition
between cell apoptosis and pyroptosis [48], which
raised the interesting academic issue that there
might exist interplays between these two types of
cell death during IVD degeneration, however, this
issue needed to be further investigated in our
future work.

Next, we investigated the potential underlying
mechanisms, and identified that the Keapl-Nrf2
pathway could be activated by PRP-exo in the NP
cells. The Keapl-Nrf2 pathway is capable of reg-
ulating various cellular functions, including oxida-
tive stress [29,30], cell pyroptosis [26,31] and
inflammation [32]. Mechanistically, under the nor-
mal conditions, Keapl combines with Nrf2 to
form the Keapl-Nrf2 complex in the cytoplasm,
and Nrf2 is subsequently degraded in
a ubiquitination-dependent manner. Nrf2 is
released from the Keapl-Nrf2 complex and trans-
locate from the cytoplasm to nucleus when the
cells experience oxidative stress, and Nrf2 initiates
antioxidant response element (ARE) to exert its
anti-oxidant effects and sustains cellular homeos-
tasis [29,30], and we evidenced that PRP-exo
inhibited Nrf2 degradation and promoted its
translocation, and downregulated Keapl in the
NP cells, which were partially in consistent with
the previous data [29,30] and convinced us to
investigate the mechanisms by which PRP-exo
suppressed Keapl to facilitate Nrf2 translocation.
Through Real-Time qPCR screening analysis, we
noticed one of the the upstream regulators of
Keapl, miR-141-3p, was enriched and could be
transferred by PRP-exo to the NP cells for its
upregulation. Further data evidenced that overex-
pression of miR-141-3p exerted protective effects
to reverse H,0,-induced cell pyroptosis, apoptosis
and inflammation in NP cells. Nevertheless, since
the pathogenesis of IVD degeneration was compli-
cated, future RNA-seq analysis was still needed to
identify novel diagnostic and therapeutic biomar-
kers for this disease [49-51].

Conclusions

In general, PRP-exo delivered miR-141-3p to
degrade Keapl, leading to the release of Nrf2 from
the Keap1-Nrf2 complex, which further translocated
from cytoplasm to nucleus to exert its anti-oxidant
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effects, resulting in the inhibition of oxidative stress-
mediated cell pyroptosis and attenuate IVD degen-
eration. Although our data was solid to support our
current conclusions, the clinical specimens were
needed to be collected to validate our preliminary
experiments in clinic in our future work.
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