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Selenium nanoparticles ameliorate
lumbar disc degeneration by restoring
GPX1-mediated redox homeostasis
and mitochondrial function of nucleus
pulposus cells
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Abstract

Intervertebral disc degeneration (IVDD) is a prevalent musculoskeletal disorder that involves the excessive
accumulation of reactive oxygen species (ROS), resulting in mitochondrial dysfunction and matrix metabolism
imbalance in nucleus pulposus cells (NPCs). Selenium, an indispensable trace element, plays a crucial role

in maintaining mitochondrial redox homeostasis by being incorporated into antioxidant selenoproteins as
selenocysteine. In this study, we employed a straightforward synthesis method to produce selenium nanoparticles
(SeNPs) with consistent size and distribution, and evaluated their potential protective effects in ameliorating

IVDD. In a simulated inflammatory environment induced by interleukin-1beta (IL-1B) in vitro, SeNPs demonstrated
a protective effect on the matrix synthesis capacity of NPCs through the up-regulation of aggrecan and type II
collagen, while concurrently suppressing the expression of matrix degradation enzymes including MMP13 and
ADAMTSS. Additionally, SeNPs preserved mitochondrial integrity and restored impaired mitochondrial energy
metabolism by activating glutathione peroxidasel (GPX1) to rebalance redox homeostasis. In a rat lumbar disc
model induced by puncture, the local administration of SeNPs preserved the hydration of nucleus pulposus tissue,
promoted matrix deposition, and effectively mitigated the progression of IVDD. Our results indicate that the
enhancement of GPX1 by SeNPs may offer a promising therapeutic approach for VDD by restoring mitochondrial
function and redox homeostasis.
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Introduction

Low back pain (LBP) is one of the most common mus-
culoskeletal disorders that is a leading cause of disability
in the aging population worldwide, not only affecting the
quality of patients’ lives but also imposing a substantial
burden on the social economy [1]. Although the patho-
genesis of LBP is intricate and multifactorial, interverte-
bral disc degeneration (IVDD) has been considered as the
primary contributor to LBP. Currently conservative treat-
ments for IVDD can only relieve symptoms, including
bed rest, physiotherapy, and drug therapy (e.g. nonsteroi-
dal anti-inflammatory drugs) [2]. However, for late-stage
IVDD, surgical interventions are adpoted to remove the
degenerated discs but cause various side effects, such as
immobilization and loss of spine function [3]. Neither of
the two types of treatments are satisfactory because of
their failure to restore the physiological structure of discs
with normal mechanical functions.

The intervertebral disc (IVD) comprises three dis-
tinct tissue zones: the central nucleus pulposus (NP),
surrounding peripheral lamellar annulus fibrosus, and
two cartilaginous endplates, providing support for load
distribution and spinal movement facilitation [4]. Due
to the avascular structure, the IVD exhibits a limited
capacity for self-repair and is susceptibility to degenera-
tion [5]. Aggrecan (ACAN) and sulfated glycosamino-
glycans (GAGs) are the most important components in
the extracellular matrix of nucleus pulposus, providing
shock absorber function to maintain the IVD mechani-
cal stability. It is believed that the degeneration originates
in the NP tissue, which comprises nucleus pulposus cells
(NPCs) and proteoglycan-rich matrix contents [6]. Dur-
ing the degeneration process, NPCs undergo phenotypic
changes and the cell viability diminishes, along with a
significant reduction in hydration due to a loss of proteo-
glycan content. The progressive loss of gelatinous extra-
cellular matrix (ECM) results in inflammation-induced
tissue fibrosis, disruption of the hypoxic environment,
ingrowth of nerves and blood vessels, and eventually disc
herniation [7].

There is growing body of evidence indicating that
oxidative stress is the primary trigger for the onset of
IVDD. Oxidative stress occurs as a result of an imbalance
between the generation and detoxification of reactive
oxygen species (ROS), which are a class of highly active
molecules containing oxygen, including singlet oxygen
(*0,), superoxide (O,+”), hydroxyl radical (+OH), and
hydrogen peroxide (H,O,) [8]. Mitochondria constitute
the main source of ROS, which are generated by electron
leakage in the mitochondrial respiratory chain and other

mitochondrion-located proteins. Excessive ROS produc-
tion can lead to oxidative damage to crucial cellular com-
ponents such as lipids, DNA, and proteins, resulting in
the dysfunction of the mitochondrial energy metabolism,
including insufficient adenosine triphosphate (ATP) pro-
duction and increased permeability of the mitochondrial
membrane [9]. Hartman et al. reported that, compared
with those in young and healthy IVDs, aged and degener-
ated NPCs exhibit a significant reduction in the number
of mitochondria, membrane potential, glycolytic capac-
ity, and nonglucose-dependent respiration, in agreement
with the age-related decrease in matrix synthesis [10].
This impairment of mitochondrial function eventually
leads to programmed cell death and IVDD exacerbation
[11].

Intracellular antioxidant enzymes, including superox-
ide dismutase (SOD), catalase (CAT), and glutathione
peroxidases (GPXs), and nonenzymatic antioxidants con-
stitute the system of protection against oxidative damage.
Among them, GPXs play an important role in regulating
the intracellular redox homeostasis by scavenging H,O,
and soluble phospholipid hydroperoxide using glutathi-
one (GSH) as a reducing substrate, thereby preserving
the cellular structural integrity and function [12]. GPX1,
an important isoform in the GPX family, is located in the
cytosol and mitochondria and protects the mitochon-
dria from ROS [13]. GPX1 overexpression considerably
attenuated the total intracellular and mitochondrial ROS
levels and effectively improved the remodeling of the glo-
merular and tubule proteomes in the kidneys of old mice
by preserving antioxidant activities [14]. Moreover, the
knockdown of GPX1 in ATDCS5 cells not only inhibited
their proliferation but also impaired chondrogenic dif-
ferentiation by increasing oxidative and reductive stress,
thus possibly promoting the pathogenesis of endemic
osteoarthritis [15]. Considering that IVDD shares several
pathophysiological characteristics with osteoarthritis,
GPX1 represents a potential therapeutic target for pre-
venting IVDD.

Notably, GPX1 is a selenoprotein that contains the
amino acid selenocysteine at its active site, which repre-
sents the main form of selenium in the human body. Sele-
nium is an essential trace element that is vital for redox
homeostasis via its incorporation into various antioxi-
dant enzymes that scavenge free radicals and antagonize
heavy metals [16]. A recent study from our laboratory
suggested that the supplementation with sodium sel-
enite, which is an inorganic form of selenium, promoted
the repair of osteoporotic bone defects by activating the
GPX1-mediated mitochondrial antioxidant pathway
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[17]. However, high-dose sodium selenite can cause seri-
ous toxicity issues, thus limiting its therapeutic applica-
tion [18]. Alternatively, selenium nanoparticles (SeNPs)
have been attracting immense attention because of their
unique physical properties, including their nano size and
surface effect, and their remarkable antioxidant and anti-
inflammatory activities, without the induction of side
effects [19]. Compared with other Se compounds such as
selenite and selenomethionine, SeNPs exhibit favorable
biocompatability while enhancing selenoenzyme activi-
ties [20]. Ouyang et al. reported that SeNPs encapsuled
in hyaluronic acid hydrogel microbeads can synthesize
selenoproteins in situ and effectively alleviate colitis-
associated symptoms by reducing the secretion of pro-
inflammatory cytokines [21]. However, the therapeutic
effect of SeNPs on IVDD and the mechanisms involved
in the GPX1 antioxidant pathway remain unknown.
Herein, we hypothesize that SeNPs can amelio-
rate IVDD by maintaining the matrix metabolism and
improving the mitochondrial antioxidant functions of

Injection
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NPCs. SeNPs were synthesized by reducing sodium sel-
enite in gelatin, which acts as a natural stabilizer and
size-controlling agent, followed by dialysis to purify the
nanoparticles. The morphology, size distribution, ele-
mental analysis, biocompatibility, and cellular uptake
efficiency of the prepared SeNPs were characterized.
The protective effects of SeNPs on matrix synthesis and
degradation, mitochondrial energy metabolism, and
intracellular antioxidant ability, particularly in the pres-
ence of interleukin 1 beta (IL-1p), were investigated. RNA
sequencing and the small interfering RNA (siRNA) tech-
nique were used to elucidate the antioxidant mechanism
involving the GPX1 selenoprotein. Furthermore, the
therapeutic efficacy of SeNPs on puncture-induced NP
degeneration in a rat lumbar IVD model was evaluated.
This study reports a strategy that utilizes SeNPs with
favorable antioxidant properties for the enhancement of
mitochondrial function and treatment of IVDD (Scheme
1).

2

degradation

Scheme 1 Schematic illustration of SeNPs ameliorating rat lumbar disc degeneration. SeNPs enhance expression of GPX1 and mitochondrial function of
NPCs. After injection administration, SeNPs significantly promote GPX1 expression, thereby improving mitochondrial function and decreasing ROS level.
SeNPs ameliorate lumbar disc degeneration by increasing matrix synthesis and inhibiting matrix degradation
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Results

Characterization of SeNPs

In this study, SeNPs were prepared using a simple chemi-
cal synthesis method. Transmission electron microscopy
(TEM) images revealed that the prepared SeNPs were
uniformly dispersed and spherical, with an average size of
approximately 60 nm (Fig. 1A). Element mapping further
shows that the Se and S elements are distributed in the
framework of selenium nanoparticles, with high unifor-
mity (Fig. 1B). X-ray photoelectron spectroscopy (XPS)
verified the presence of carbon (C), nitrogen (N), oxygen
(O), and selenium (Se), without significant impurities
(Fig. 1C, D). The Se 3d5/2 and 3d3/2 peaks are observed
at 55.32 and 56.12 eV in peak fitting analysis, respectively.
This result confirmed that the oxidation state of Se in our
material is Se® and there were no other oxidation states,
which proved the monatomic morphology of Se in the
material (Fig. 1E). The mean hydrodynamic particle size
of SeNPs is 166.4 nm, and the size distribution is narrow
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(particle dispersion index [PDI]: 0.205), indicating that
these particles have good dispersion in the water medium
(Fig. 1F). Fourier transform-infrared spectrometry
(FT-IR) has a distinct characteristic peak at 3267 cm™!
(Fig. 1G), which is attributed to the amidogen (N-H) in
the gelatin. The characteristic peak at 1634 cm™! indi-
cates the presence of carbonyl groups (C=O) in the
mix of gelatin and SeNPs. However, by comparing the
gelatin without Se, the FT-IR result were basically the
same, which indicated the two chemical groups came
from the gelatin instead of SeNPs (Additional file 1: Fig-
ure S1A). By labeling SeNPs with cy5, we observed that
their fluorescence intensity dependent on the concentra-
tion after the ingestion of selenium nanoparticles by the
NPC (Fig. 1H). The uptake rate of control group is 0 and
the uptake rate was higher at a concentration of 50 ng/
mL (Additional file 1: Figure S1B). Taken together, these
results confirm the successful simple synthesis method
for production of SeNPs.
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Fig. 1 Characteristics of SeNPs. A TEM images showed the intuitional characteristic of SeNPs. B The element mapping of Se and S elements in SeNPs. C,
D XPS confirmed the presence of C, N, O, and Se in SeNPs. E Peak fitting analysis of Se in XPS. F The average hydrodynamic particle diameter of SeNPs. G
FT-IR showed two characteristic peaks at 3267 cm™" and 1634 cm ™', respectively. H SeNPs (labeled with cy5) entering NPCs at different concentrations

were observed
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Effects of SeNPs on cell proliferation and matrix
metabolism of NPCs

The biocompatibility of SeNPs was further evaluated.
The live/dead staining showed that, after incubation with
25, 50, and 100 ng/mL SeNPs for 5 days, the cell viabil-
ity of NPCs was higher than 98.5% (alive cells indicated
by green fluorescence) with negligible cytotoxicity (dead
cells indicated by red fluorescence) (Fig. 2A, B). Cell
Counting Kit-8 (CCK-8) assays confirmed that, compared
with the control group, 25 and 50 ng/mL SeNPs signifi-
cantly increased the cell proliferation of NPCs on day 5
by 7.6% and 11.7%, respectively (Fig. 2C). To evaluate the
influence of SeNPs on the matrix metabolism of NPCs,
we investigated the levels of three ECM synthesis genes
(Acan, Col2al, and Sox9) and two ECM degrading genes
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(Mmpl13 and AdamtsS). SeNPs significantly increased
the expression of ECM synthesis genes at the concen-
trations of 25 and 50 ng/mL, wheres 100 ng/mL SeNPs
reduced their transcriptive levels. Notably, the 50 ng/mL
group yvielded the highest levels of ECM synthesis genes,
in which the mRNA levels of Acan (aggrecan) was up-
regulated by 40.2%, Col2al (type II collagen) by 79.4%,
and Sox9 by 32.5%, respectively, compared with the con-
trol group (Fig. 2D). Western blot analysis confirmed that
50 ng/mL SeNPs strongly promoted the protein expres-
sion of ACAN by 17.4%, COL2A1 by 41.7%, and SOX9
by 20.1%, respectively, compared with the control group
(Fig. 2E, Additional file 1: Figure S2A). Considering the
important role of ACAN in maintaining nucleus pulpo-
sus hydration, immunofluorescence staining for ACAN
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Fig. 2 Effect of SeNPs on cell proliferation and matrix synthesis of normal NPCs. NPCs were treated with SeNPs concentrations of 25,50 and 100 ng/mL. A
The activity of the NPCs at day 1, 3, and 5 was evaluated using live/dead staining. B Quantitative results of live/dead staining. (n=3) C The proliferation of
cells was detected by CCK-8 assays. (n=6) D Quantitative RT-PCR was used to determine the mRNA levels of nucleus pulposus matrix genes Acan, Col2al
and Sox9. (h=4) E Western blotting was used to determine the effects of the SeNPs on the levels of aggrecan, type Il collagen and SOX9 protein in NPCs.
F Immunofluorescence staining of aggrecan showed the matrix synthesis ability of NPCs. Statistically significant differences are indicated by # where
P<0.05 or ## where P<0.01 compared with the control group; * where P<0.05 or ** where P<0.01 between the indicated group
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was performed that was consistent with its mRNA levels
(Fig. 2F, Additional file 1: Figure S2B). In addition, no sig-
nificant difference in cytoskeletal size between the four
groups (Additional file 1: Figure S2B). In terms of matrix
degradation, the mRNA levels of Mmpl13 (matrix metal-
loproteinase 13) were down-regulated by 43.1% at 25 ng/
mL, 68.2% at 50 ng/mL, and 69.1% at 100 ng/mL, respec-
tively, compared with the control group (Additional
file 1: Figure S2C). The protein levels of MMP13 and
ADAMTS5 (a disintegrin and metalloproteinase with
thrombospondin motifs 5) showed a consistent decrease
along with their mRNA expression (Additional file 1: Fig-
ure S2D, E).

SeNPs improved mitochondrial function of NPCs
TEM was utilized to observe the changes in mito-
chondrial morphology in SeNP-treated NPCs. Com-
pared with the control group, treatment with 50 ng/
mL SeNPs resulted in an increase in the cristae number
and structure, indicating that SeNP intervention prob-
ably improved the activity of mitochondrial energy
metabolism (Fig. 3A). Consistently, the intracellular ATP
content in SeNP-treated NPCs (50 ng/mL) was 14.7%
higher than that of the control group (Fig. 3B). We con-
tinued to investigated the membrane potential changes,
as an increase in mitochondrial permeability leads to
concomitant mitochondrial dysfunction and apotosis.
JC-1 staining demonstrated that SeNP treatments dose-
dependently increased the red-green fluorescence ratio
of NPCs by 60.6% at 25 ng/mL, 121.6% at 50 ng/mL,
and 92.1% at 100 ng/mL, respectively (Fig. 3C, Addi-
tional file 1: Figure S3A). Mitochondria play a vital role
in the cellular energy metabolism and a series of oxida-
tive respiratory chain genes, including Sdha (succinate
dehydrogenase complex flavoprotein subunit A), AtpS
(ATP synthase subunit 5), Nd4 (NADH dehydrogenase
subunit 4), and Cox4 (cytochrome c oxidase subunit IV),
were up-regulated by the SeNP treatments. Notably, 50
ng/mL SeNPs significantly increased the mRNA levels of
Sdha by 5.4-fold, AtpS by 4.7-fold, Nd4 by 5.2-fold, and
Cox4 by 3.0-fold, respectively, compared with the con-
trol group (Fig. 3D). Western blot confirmed the protein
levels of these four respiratory chain factors were up-reg-
ulated by SeNPs (Fig. 3E, Additional file 1: Figure S3B).
These results suggested that treatment with SeNP, partic-
ularly at 50 ng/mL, preserved the integrity of mitochon-
dria and improved the mitochondrial energy metabolism
in NPCs. Therefore, we selected 50 ng/mL for subsequent
experiments.
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SeNPs maintained ECM metabolism and
mitochondrial homeostasis of NPCs in the Presence
of IL-18

The inflammatory environment induced by IL-1p
remarkably suppressed the expression of ACAN, whereas
treatment with SeNPs (50 ng/mL) strongly protected
its expression, as indicated by the immunofluorescence
staining (Fig. 4A, Additional file 1: Figure S4A). There was
no significant difference in cytoskeleton size between the
three groups (Additional file 1: Figure S4A). Consistently,
the protective effect of SeNPs on the synthesis of ECM
components (e.g. ACAN and COL2A1) was confirmed at
both the mRNA (Additional file 1: Figure S4B) and pro-
tein levels (Additional file 1: Figure S4C, D). Importantly,
the expression of two matrix catabolic enzymes MMP13
and ADAMTS5 was dramatically increased by IL-1(,
but SeNP treatment effectively reduced their levels. For
example, SeNPs significantly down-regulated MMP13 by
39.6% at the transcriptive level (Fig. 4B) and 47.8% at the
protein level compared to the IL-1p group (Fig. 4C, Addi-
tional file 1: Figure S4E). These results suggested that
treatment with SeNPs can restore the balance between
matrix anabolism and catabolism in NPCs that was dis-
turbed by the inflammatory cytokine IL-1p.

We further investigated the protective effect of SeNPs
on mitochondrial morphology and function. As shown in
Fig. 4D, mitochondria in IL-1B-treated NPCs exhibited
a swollen shape with decreased number of cristae and
even rupture of outer mitochondrial membrane. Treat-
ment with SeNPs successfully retrieved the rod-shaped
morphology with prominent mitochondrial cristae and
clearly visible mitochondiral ridges. In the IL-1p group,
NPCs displayed a 12.1% reduction in the ATP production
compared to the control group, implying a significant
impact of inflammatory environment on energy metabo-
lism. However, SeNP treatment improved the ATP pro-
duction by 6.9% compared to the IL-1p group (Fig. 4E).
Images of JC-1 staining showed a low red/green fluores-
cence ratio in the IL-1f group, indicative of A¥m depo-
larization. In contrast, treatment with SeNPs significantly
increased the AWm as indicated by a relatively high red/
green fluorescence ratio, reflecting an improvement of
mitochondrial permeability (Fig. 4F, Additional file 1:
Figure S4F). We examined the impact of IL-1 and SeNPs
on the expression of mitochondrial respiratory chain fac-
tors. Compared to the control group, exposure of NPCs
to IL-1P resulted in a significant reduction in both the
mRNA and protein levels of SDHA, ATP5, ND4, and
COX4. However, the administration of SeNPs effectively
preserved the expression of these four factors (Fig. 4G, H,
Additional file 1: Figure S4G). These results proved the
protective effects of SeNPs on mitochondrial membrane
integerity and energy metabolism of NPCs in the inflam-
matory environment.
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Fig. 3 Effect of SeNPs on mitochondrial function of normal NPCs. NPCs were treated with SeNPs concentrations of 25,50 and 100 ng/mL. A Transmis-
sion electron microscopy images of intracellular mitochondria of NPCs. B Effect of SeNPs on ATP content in NPCs. C JC-1 fluorescence staining results of
NPCs under different concentrations of intervention of SeNPs. D Quantitative RT-PCR was used to determine the mRNA levels of genes Sdha, Atp5, Nd4
and Cox4. (n=4) E Western blotting was used to determine the effects of the SeNPs on the levels of protein SDHA, ATP5, ND4 and COX4 in NPCs. Statisti-
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RNA sequencing analysis of NPCs after SeNP and 15 downregulated genes, were identified in NPCs
treatment treated with SeNPs compared with the controls (Fig. 5A).
RNA sequencing of NPCs treated with SeNPs was per-  Encouragingly, We found that the Gpx1 gene was signifi-
formed. Overall, heat maps showed that a total of 75 cantly activated. Gene ontology (GO) pathway enrich-
differentially expressed genes, including 60 upregulated ment analysis revealed that several pathways, such as
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matrix-synthesis signaling pathway, the glutathione met- Genomes (KEGG) enrichment analysis demonstrated
abolic process, and mitochondrion were closely associ-  that pathways related to glycosaminoglycan biosynthesis
ated with the therapeutic mechanism of SeNPs (Fig. 5B).  were significantly enriched in the SeNPs group (Fig. 5C).
Moreover, the Kyoto Encyclopedia of Genes and GSEA indicated that SeNPs treatment can upregulate the
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activities of GPX and glutathione transferase, as was the
response to selenium particles (Fig, 5D-F). SeNPs treat-
ment can upregulate GPX and glutathione transferase,
suggesting its potential to reduce ROS-induced cell dam-
age and restore mitochondrial function. In summary,
SeNPs interfered with NPCs, which significantly pro-
moted GPX expression and enhanced the matrix-synthe-
sis ability and mitochondrial metabolic function.

SeNPs alleviated IL-1B-induced oxidative stress via
activating antioxidant selenoproteins

Since redox homeostasis is closely associated with mito-
chondrial function, we studied the scavenging abil-
ity of SeNPs on intracellular and mitochondrial ROS in
IL-1B-exposed NPCs using immunofluorescence stain-
ing (Fig. 6A). Compared to the IL-1p group, the levels

>
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of intracellular (indicated by DCFDA fluorescence) and
mitochondrial ROS (indicated by MitoSOX fluorescence)
in SeNP-treated NPCs were significantly attenuated by
23.3% and 19.7%, respectively (Fig. 6A, B, Additional file
1: Figure S5A, B). To unravel the underlying mechanism
involved antioxidant enzymes, we further examined the
expression of three important selenoproteins, GPX1,
TXNRDI1 (thioredoxin reductase 1), and TXNRD2 (thio-
redoxin reductase 2). Treatment with SeNPs significantly
up-regulated the transcriptive levels of Gpxl by 4.2-
fold, Txnrdl by 1.7-fold, and Txnrd2 by 2.8-fold, respec-
tively, compared to those of the IL-1B-exposed NPCs
(Fig. 6C). Similarly, Western blot analysis confirmed the
beneficial effect of SeNPs on the three selenoproteins
(Fig. 6D, Additional file 1: Figure S5C). Considering the
role of GPX1 in mitochondrial antioxidant functions,
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Fig. 6 A Intracellular ROS levels in NPCs. B MitoSOX levels in mitochondria of NPCs. C Quantitative RT-PCR was used to determine the mRNA levels of
genes Gpx1, Txnrd1 and Txnrd2. (n =4) D Western blotting was used to determine the levels of GPX1, TXNRD1 and TXNRD2 protein in NPCs. E Immunofluo-
rescence staining of GPX1 of NPCs in inflammatory environment. F GPX-like activity of NPCs. Statistically significant differences are indicated by # where
P<0.05 or ## where P<0.01 compared with the control group; * where P<0.05 or ** where P<0.01 between the indicated group
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immunofluorescence staining was performed and SeNPs
treatment effectively restored the expression and distri-
bution of GPX1 in IL-1B-exposed NPCs (Fig. 6E, Addi-
tional file 1: Figure S5D). Consistently, in the IL-1[3 group,
the activity of GPX1 was decreased by 42.0% but it was
increased by 36.3% after treating with SeNPs (Fig. 6F).
These results suggested that SeNPs attenuated IL-1p-
induced oxidative stress through activation of antioxidant
selenoproteins, in particular GPX1.

Silencing of GPX1 reversed the protective effect of SeNPs
on NPCs

To gain further insights into the role of GPX1 in SeNP-
mediated protection, NPCs were first transfected with
si-RNA targeting Gpx1, we set up three groups: negative
control (NC) group, si-Gpx1 group and si-GpxI+SeNPs
(50 ng/mL) group. The transfection of si-GpxI signifi-
cantly down-regulated the mRNA expression of GpxI
by 47.26% compared to the NC group, but there was
no significant difference between si-Gpx1 group and si-
Gpx1+SeNPs group (Fig. 7A). Consistently, the protein
expression of GPX1 was decreased by 53.7% and 50.3%
(Fig. 7B, Additional file 1: Figure S6A), respectively, in
si-Gpx1 group and si-GpxI+SeNPs group. The transfec-
tion of si-Gpx1I abrogated the protective effects of SeNPs
on mitochondrial energy metabolism, as evidenced by
the down-regulation of four respiratory chain factors,
SDHA, ATP5, ND4, and COX4, at both mRNA (Fig. 7C)
and protein levels (Fig. 7D, Additional file 1: Figure S6B).
Furthermore, silencing of Gpx! inhibited the synthesis
of ACAN in NPCs, even treated with SeNPs. Compared
with the NC group, the transfection of si-Gpx1I signifi-
cantly reduced the transcriptive levels of Acan by 19.2%
and Col2al by 31.4%, respectively, in SeNP-treated cells
(Fig. 7E). Western blotting confirmed the down-regula-
tion of these ECM synthesis proteins (Fig. 7F, Additional
file 1: Figure S6A). Therefore, silencing of Gpxl abol-
ished SeNP-mediated protection on the matrix synthe-
sis capacity and mitochondrial respiratory function of
NPCs, indicating the crucial role of GPX1 in regulating
matrix and energy metabolism.

In Situ administration of SeNPs preserved the hydration

of nucleus pulposus and ameliorated rat lumbar disc
degeneration

To assess the therapeutic efficacy of SeNPs in treating
IVDD, a needle puncture model was established on rats’
lumbar discs (Additional file 1: Figure S7A), and two dif-
ferent dosages of SeNPs (25 and 50 ng/mL) were injected
in situ into the injured discs (Fig. 8A). At 8 weeks post-
surgery, histological analysis demonstrated that there
was no pathological changes in the heart, liver, spleen,
lung, and kidney in the SeNP-50 ng/mL compared with
the control group, suggesting that 50 ng/mL SeNPs was
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a safe dosage for IVD in situ injection (Figure S7B, Sup-
porting Information).

At 4 and 8 weeks postsurgery, imaging techniques
and histological analysis were employed to evaluate the
hydration and matrix degradation in each group. Mag-
netic resonance imaging (MRI), as the gold standard for
IVDD diagnosis, was used to evaluate the water content
in the nucleus pulposus. In the Sham group, hyperinten-
sity on T2-weighted images were observed that was asso-
ciated with a high level of water content. After the needle
puncture, the MRI signals of the lumbar discs reduced in
the IVDD group, indicating that the degeneration lead
to a loss of water content and remodeling of IVD matrix.
Conversely, both the SeNP-25 and SeNP-50 groups
showed greater signal intensity (Fig. 8B). Pfirrmann
grading scores confirmed that the improvement of IVD
hydration in the SeNP-25 and SeNP-50 groups at 8 weeks
postsurgery that were 19.2% and 42.3% higher than that
in the IVDD group (Fig. 8D). With regard to disc height,
qualitative analysis of X-ray images revealed a signifi-
cant reduction of 22.9% in disc height index (DHI) in
the IVDD group compared to the Sham group. How-
ever, treatment with SeNPs effectively rescued the height
of punctured discs (Fig. 8C). In particular, the SeNP-50
group exhibited the lowest decrease in DHI at 8 weeks
post-surgery (31.9% higher than that of the IVDD group)
that resembled the Sham group (Fig. 8E). These imaging
results suggested that administration of SeNPs had the
potential to delay IVDD by preserving the disc height and
hydration of IVDs.

Histology evaluation of the therapeutic efficacy of SeNPs
on punctured-induced IVDD

Histological analysis, including H&E and S.O. staining,
was performed to observe the structure and matrix depo-
sition of the degenerated IVDs treated with SeNPs. H&E
staining revealed a significant decrease in the cell num-
ber of NPCs and collapsed NP tissues in the IVDD group.
The administration of SeNPs, in particular at the dosage
of 50 ng/mL, largely maintained the structure integrity of
the punctured IVDs at postoperative 4 and 8 weeks, as
evidenced by the clear boundary between the nucleus
pulposus and annulus fibrosus (Fig. 9A). S.O. staining
showed that, compared to the Sham group, the compo-
sition of GAGs in the NP tissue was markedly reduced
that was replaced with fibrous tissue in the IVDD group.
The treatment with SeNPs effectively perserved the GAG
content in the NP tissue that was similar to the Sham
group (Fig. 9A). Masson’s Trichrome showed that the
change of collagen deposition in the IVDD and Sham
groups at postoperative 4 and 8 weeks was consistent
to the results of S.O. staining (Fig. 9A). The histological
scores, as shown in Fig. 9B, were significantly increased
in the IVDD group, but were 15.9% and 29.5% lower in
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the SeNP-25 and SeNP-50 groups, respectively, at post-
operative 8 weeks. Therefore, these histological results
supported the therapeutic potential of SeNPs in treating
puncture-induced degeneration in rat lumbar IVDs.

To further investigate the protective effect of SeNPs
on the lumbar IVDs, IHC analyses were performed to
evaluate the matrix synthesis of ACAN and COL2A1
and the expression levels of GPX1 and IL-1f in the
nucleus pulposus tissue. In the IVDD group, the levels of
ACAN and COL2A1 decreased markedly, indicating the

suppression of matrix sythesis in degenerated nucleus
pulposus (Fig. 10A). In comparison, the IHC stain-
ing in the SeNP-50 group was strongly postive for both
ACAN and COL2A1, suggesting that treatment with 50
ng/mL SeNPs protected the matrix anabolism in punc-
tured IVDs. Quantitative analysis confirmed that the
positive aears of ACAN and COL2A1 in the SeNP-50
group at postoperative 8 weeks were 68.1% and 68.1%
(Fig. 10B) higher than in the IVDD group, respectively.
Furthermore, the IHC staining for GPX1 in the SeNP-50
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group was highly positive compared to the weak yellow
color in the IVDD group at postoperative 4 and 8 weeks
(Fig. 10A). The percentages of GPX1-positive cells in
the SeNP-50 group at postoperative 8 weeks were 44.6%
higher than in the IVDD group (Fig. 10C). With regard
to the puncture-induced inflammation, treatment with
50 ng/mL SeNPs signficantly decreased expression of
inflammatory cytokine IL-1f (Fig. 10C). The percentages
of IL-1B-positive cells in the SeNP-50 group were 45.1%
lower compared with the IVDD group at postopera-
tive 8 weeks (Fig. 10C). These IHC results demonstrated
that SeNPs at the concentration of 50 ng/mL had syner-
gistic effects on ameliorating puncture-induced IVDD
by protecting the matrix synthesis capacity, preserving
the selenoprotein GPX1 expression, and attenuating the
inflammation in degenerated nucleus pulposus.

Discussion
There is a growing body of evidence indicating that sele-
nium, an essential trace element, plays a crucial role in
regulating the synthesis and activity of selenoproteins
through its incorporation as selenocysteine. This involve-
ment in various physiological processes includes cell via-
bility, mitochondrial function, and ECM remodeling [22].
In a rat model deficient in selenium, impaired skeletal
growth and the development of secondary osteoarthritis
have been observed, potentially resulting from disrupted
ECM metabolism in the growth plate cartilage [23].
Selenium-sensitive protein arginine methyltransferase 5
(PRMT5) may play a role in maintaining cartilage matrix
metabolic homeostasis by demethylating and stabilizing
the key transcriptional factor SOX9 [24]. In addition, Li
et al. observed that dietary selenium deficiency led to
significant pathological alterations in the spleen of York-
shire pigs, attributed to the decreased expression of anti-
oxidant selenoproteins and elevated splenocyte apoptosis
via the mitochondrial pathway [25]. Our group recently
published findings indicating that selenium-modified
bone cement can enhance the regeneration of osteopo-
rotic bone defects in ovariectomized rats by improving
intracellular antioxidant functions [17]. In this study, we
examined the antioxidant and anti-inflammatory effects
of Se-NPCs. Treatment with SeNPs notably reduced
intracellular and mitochondrial oxidative stress in NPCs,
even in the presence of IL-1B. The strong antioxidant
capabilities of SeNPs effectively preserved the integrity
of mitochondrial structure and energy metabolism. The
anti-inflammatory properties of SeNPs were validated in
degenerated IVDs, demonstrating a reduction in IL-1f
expression and improvement in matrix degradation.
Pro-inflammatory cytokines are crucial in the advance-
ment of intervertebral disc degeneration, as they induce
apoptosis in NPCs and enhance the expression of matrix
degradation enzymes [26]. In our research, IL-1B was
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utilized to simulate the inflammatory milieu in IVDD,
revealing that exposure of NPCs to IL-1f significantly
inhibited extracellular matrix synthesis, particularly of
aggrecan and type II collagen, which are primary com-
ponents of nucleus pulposus tissue. Biochemical changes
that occur in degenerated discs include loss of aggrecan
degradation, resulting in decreased osmotic pressure
within the disc matrix and loss of hydration, alteration of
collagen types and distribution. The induction of cellular
senescence in NPCs by IL-1 may lead to decreased ECM
synthesis through the promotion of G1 phase cell cycle
arrest [27]. IL-1P has been identified as a key regulator
of catabolic processes, including ECM degradation and
the expression of chemokines such as C-C motif chemo-
kine ligand 2 (CCL2), CCL3, and C-X-C motif chemokine
ligand 8 (CXCLS8) [28]. Our findings suggest that expo-
sure to IL-1f impairs mitochondrial function in NPCs, as
evidenced by reductions in ATP content, mitochondrial
depolarization, and down-regulation of respiratory chain
factors. Consistently, Lopez-Armada et al. have shown
that IL-1f leads to a significant decrease in the key anti-
apoptotic factor, B cell leukemia/lymphoma 2 (BCL2), at
both the mRNA expression and protein levels in chon-
drocytes, resulting in increased apoptosis during osteoar-
thritis pathogenesis [29]. In response to the inflammatory
environment induced by IL-1B, NPCs exhibit notable
changes in mitochondrial integrity and function, poten-
tially impacting matrix synthesis capacity and matrix
degradation enzymes during the IVDD.

In comparison to sodium selenite, SeNPs have demon-
strated greater efficacy in mitigating vascular endothe-
lial dysfunction through the reduction of macrophage
recruitment and down-regulation of pro-inflammatory
factors, indicating the significant potential of SeNPs in
the prevention of atherosclerosis [30]. Mechanistically,
SeNPs are able to activate the nuclear factor erythroid
2-related factor 2 (NRF2) signaling pathway to enhance
the production of antioxidative selenoproteins, thereby
inhibiting the expression of ROS-induced inflammatory
cytokines in the skin and providing protection against
allergic dermatitis [16]. The findings of this study sug-
gest a strong correlation between the protective effects of
SeNPs on the matrix synthesis of nucleus pulposus and
their potent antioxidant properties. Previous research has
also demonstrated that SeNPs can enhance the myogenic
differentiation of C2C12 myoblasts, even in the presence
of hydrogen peroxide-induced oxidative stress [31]. As a
selenium protein, the mitochondrial thioredoxin system
is the major H,O, scavenger providing a primary defense
against ROS produced by the mitochondrial respiratory
chain. It has been verified that aging is associated with
significant downregulation of thioredoxin reductase 2
(TXNRD2) expressions in the mammalian heart [32].
TXNRD2 can regulate mitochondrial integrity in the
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progression of age-related heart failure [33]. Liu et al.
found that TXNRD2 can attenuates early brain injury by
inhibition of oxidative stress and endoplasmic reticulum
stress after intracerebral hemorrhage in rats [34]. Wang
et al. elucidated that selenoprotein K plays a crucial
role in skeletal muscle regeneration by mitigating endo-
plasmic reticulum stress and oxidative stress, with the
absence of selenoprotein K hindering the differentiation
of myoblasts into myotubes. The findings suggest that
selenoprotein K plays a crucial role in the modulation of
endoplasmic reticulum stress and cellular redox status
[35]. Additionally, selenoprotein W, which is prominently
expressed in bone marrow-derived macrophages, has
been shown to promote bone resorption by regulating
cell-cell fusion necessary for osteoclast maturation [36].
Depletion of selenoprotein W leads to impaired osteo-
clast formation and bone resorption, likely due to the
reliance of these macrophages on oxidative phosphoryla-
tion for energy production and the consequential impact
of selenoprotein W deletion on the glycolytic metabolism
during osteoclastogenesis [37].

Based on the microarray data presented in this study,
GPX1 was chosen as a prototypical selenoprotein for
investigation of its expression in NPCs. Upon exposure
to IL-1f, the expression of GPX1 was markedly reduced
at both the transcriptional and protein levels; however,
treatment with SeNPs successfully restored its expres-
sion. In vivo experiments validated the diminished lev-
els of GPX1 in degenerated nucleus pulposus, whereas
local administration of SeNPs reversed this decline and
protected the integrity of the nucleus pulposus matrix
against degradation. Consistent with our findings, Wang
et al. illustrated that SeNPs, upon endocytosis by renal
tubular epithelial cells, significantly increased GPX1 lev-
els and hindered kidney fibrosis by suppressing NLRP3
inflammasome activation and Caspase-1 maturation [38].
More importantly, our results suggest that the activation
of GPX1 by SeNPs plays a crucial role in enhancing mito-
chondrial energy metabolism and promoting nucleus
pulposus regeneration. The localization of GPX1 within
mitochondria resulted in the reduction of ROS levels and
enhancement of mitochondrial bioenergetics, encom-
passing oxygen consumption, ATP production, and lac-
tate dehydrogenase levels [39]. Conversely, the inhibition
of Gpx1 through siRNA negated the beneficial impact of
SeNPs on mitochondrial function and matrix equilibrium
in NPCs. SeNPs deliver selenium specifically to cells, aug-
menting both GPX1 expression and antioxidant capacity,
thereby protecting mitochondrial function through the
regulation of mitophagy and mitigation of endoplasmic
reticulum stress in individuals with type 2 diabetes mel-
litus [40]. On the other hand, prolonged selenium defi-
ciency resulted in hypertension in SD rats, which was
linked to a reduction in urine sodium excretion. Further
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examination of the underlying mechanisms demon-
strated that selenium deficiency led to a notable decrease
in GPX1 expression, an elevation in oxidative stress, and
subsequent activation of the NF-«B signaling pathway in
renal proximal tubule cells [41]. Consequently, our forth-
coming research will further investigate the impact of
SeNPs on endoplasmic reticulum stress and inflamma-
tory response in degenerated IVDs.

The avascular nature of the nucleus pulposus tissue
presents challenges for the delivery of SeNPs through
oral administration or intraperitoneal injection. This
study utilized an in situ injection of SeNPs into degener-
ated lumbar IVDs following puncture-induced mechani-
cal injury, a method more closely resembling clinical
scenarios compared to caudal IVD models [42]. The ther-
apeutic efficacy of SeNPs in promoting nucleus pulposus
regeneration was validated through radiographic imag-
ing, histological analysis, and immunohistochemical
staining for GPX1. In order to regulate the morphology
and distribution of SeNPs, starch has been employed
as a natural stabilizing agent for size manipulation. The
SeNPs stabilized by starch, possessing notable anti-
oxidant properties, demonstrated significant efficacy in
mitigating melamine-induced hepato-renal toxicity in rat
models [43]. Furthermore, Ouyang et al. have introduced
a novel approach involving hydrogel microbead-based
SeNPs, which can be customized with hyaluronic acid
and encased in a protective calcium alginate shell to cir-
cumvent the acidic conditions of the stomach. The study
illustrated that the oral administration of the SeNPs/
hydrogel composite elicited in situ selenoprotein syn-
thesis and mitigated inflammation to alleviate symptoms
associated with colitis [21]. Moreover, in order to address
an inflammatory microenvironment, SeNPs have been
incorporated as initiators and nano-fillers into a triple-
network dynamic hydrogel. This composite hydrogel has
demonstrated an increased capacity for ROS scavenging
and notable anti-inflammatory effects by inducing a shift
in macrophages towards M2 polarization. As a result,
this composite hydrogel shows significant potential for
the treatment of inflammatory diseases, such as rheuma-
toid arthritis, in rat models [44]. Consequently, further
research will explore the enhancement of nanoparticle
stability and delivery efficacy through the utilization of
SeNPs with diverse surface modifications, such as chito-
san or cellulose coating [45], and the integration of SeNPs
with biocompatible hydrogels or scaffolds [46] will be
investigated for the treatment of IVDD.

Conclusion

In summary, we have introduced a straightforward syn-
thesis method for SeNPs that resulted in nanoparticles
with consistent size and distribution, as well as desirable
biocompatibility. The SeNPs facilitated the production of
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ECM components specific to the nucleus pulposus and
notably enhanced the mitochondrial activity of NPCs in
a dose-dependent manner. Furthermore, in an inflamma-
tory setting, SeNPs effectively mitigated oxidative stress
induced by interleukin-1p and inhibited the activity of
matrix-degrading enzymes in NPCs. The examination of
the underlying mechanism revealed that SeNPs markedly
increased the expression of GPX1, a crucial selenopro-
tein responsible for regulating matrix metabolism and
redox homeostasis in NPCs. Following puncture-induced
mechanical injury, the local administration of SeNPs mit-
igated the degeneration of lumbar IVDs in rats, as indi-
cated by an elevation in GPX1 expression, maintenance
of nucleus pulposus hydration, and prevention of matrix
degradation. This study highlights the potential of SeNPs
in enhancing GPX1-mediated mitochondrial function in
NPCs, suggesting a promising strategy for the treatment
of IVDD.

Materials and methods

Preparation of SeNPs

The synthesis of SeNPs followed a previously established
protocol (Fig. 11) [16]. Specifically, 100 mg of gelatin
(Sigma-Aldrich, St. Louis, MO, USA) was dissolved in
19 mL of deionized water, to which 6.9 mg of Na,SeO,
(Sigma-Aldrich) was added. The resulting mixture was
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maintained at 4 °C and stirred for 30 min. Subsequently,
56.3 mg of ascorbic acid (Sigma-Aldrich) in 1 mL of
deionized water was added dropwise and stirred for an
additional 30 min. The synthesized SeNPs underwent
dialysis using dialysis membranes (3.5 kDa, Beyotime,
Shanghai, China) for 48 h at room temperature to elimi-
nate excess reactants, with the dialysate being replaced
every 24 h.

Characterization of SeNPs

The morphological characteristics, distribution, and
elemental mapping of SeNPs were observed using TEM
(Talos F200X G2, FEI, Hillsboro, OH, USA). Following
ultrasonic mixing, the samples were loaded onto copper
mesh and analyzed by TEM at an accelerating voltage of
200 kV. The particle size of SeNPs was determined using
a Nano-ZS instrument (Malvern Zetasizer Nano ZS90,
Malvern, UK) at room temperature. X-ray photoelectron
spectroscopy was employed to analyze the structural
composition of the SeNPs. The silicon wafer was utilized
as a substrate for the deposition of sample drops, which
were subsequently dried. The samples were then ana-
lyzed using an ESCALAB 250Xi spectrometer (Thermo
Scientific K-Alpha, Waltham, MA, USA) featuring an
achromatic Al-Ka X-ray source, with the procedure
being repeated thrice. FT-IR (Thermo Scientific Nicolet
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Fig. 11 The synthesis process of SeNPs. Sodium selenite and gelatin were dissolved in deionized water. After dropwisely adding ascorbic acid, sodium
selenite is reduced to selenium to form SeNPs. The synthesized SeNPs underwent dialysis remove excess ascorbic acid and other reactants
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iS20, Waltham, MA, USA) was employed to characterize
the infrared absorption spectrum of SeNPs. An attenu-
ated total refraction (ATR) attachment was positioned in
the optical path of the spectrometer to scan the air back-
ground. Subsequently, the samples were applied to the
crystal surface of the ATR attachment using a dropper,
and the infrared spectra of the samples were recorded.

Ingestion rate of SeNPs

The gelatin components in SeNPs were labeled with cy5,
and then diluted into concentrations of 25, 50, and 100
ng/mL, respectively, to intervene in NPCs. After 1 day,
the cytoskeleton and nuclei were stained with phalloidin
(Thermo Fisher Scientific) and 4,6-diamino-2-phenylin-
dole (DAPI, Thermo Fisher Scientific). Images were cap-
tured using a Zeiss Axiovert 40CFL microscope and the
fluorescence intensity was measured by Image] software.

Cellisolation and cell culture

Following euthanasia using CO2, lumbar IVDs were
harvested from six-week-old male Sprague-Dawley (SD)
rats under aseptic conditions to isolate nucleus pulposus
tissues. The isolated nucleus pulposus was then minced
and subjected to enzymatic digestion using 0.2% type II
collagenase (Thermo Fisher Scientific) at 37 °C for 1.5 h.
Subsequently, the digested nucleus pulposus tissues were
centrifuged and NPCs were cultured in 175 cm? flasks
(Costar, Tewksbury, MA, USA) containing Dulbecco’s
modified Eagle medium (DMEM)/F12 medium (Pro-
cell, Wuhan, China) supplemented with 10% fetal bovine
serum (FBS, Gibco, Grand Island, NY, USA) and 1% pen-
icillin-streptomycin (Thermo Fisher Scientific) at 37 °C
in a humidified atmosphere with 5% CO,. The culture
medium was refreshed every two days, and NPCs were
passaged upon reaching 80% confluence using 0.25%
trypsin-EDTA (Thermo Fisher Scientific). NPCs at the
first passage (P1) were utilized for subsequent experi-
mental procedures.

Live/Dead cell staining assay

NPCs were exposed to SeNPs at varying concentra-
tions (25, 50, and 100 ng/mL) in 12-well plates. Sub-
sequently, the cells were subjected to Live/Dead cell
staining (Thermo Fisher Scientific, Waltham, MA, USA)
for 15 min, with live cells appearing green and dead cells
appearing red. Cell images were then acquired using fluo-
rescence microscopy (Zeiss, Oberkochen, Germany).

Cell proliferation assay

CCK-8 (Beyotime, Haimen, China) was used for cell pro-
liferation assays. NPCs were seeded in a 96-well plate and
treated with SeNPs at different concentrations (control,
25 ng/mL, 50 ng/mL and 100 ng/mL). On days 1, 3, and
5, cells were incubated in CCK-8 solution for 1 h at 37 C.

Page 19 of 23

The optical density (OD) was assessed using a microplate
spectrophotometer at 450 nm (BioTek, Winooski, VT,
USA).

IL-1 treatment on NPCs

To induce an inflammatory response in vitro, NPCs were
treated with 10 ng/mL of recombinant IL-1p (Peprotech,
Rocky Hill, NJ, USA) in the culture medium, followed
by treatment with SeNPs at different concentrations for
three days.

Reverse transcription-quantitative polymerase chain
reaction (RT-qPCR)

Total RNA was isolated utilizing TRIzol reagent (Thermo
Fisher Scientific), followed by reverse transcription to
synthesize complementary DNA using a RevertAid First
Strand cDNA Synthesis Kit (Thermo Fisher Scientific) as
per the manufacturer’s protocol. Subsequently, quantita-
tive RT-PCR amplification of the cDNA was conducted
employing an iTap™ Universal SYBR® Green Supermix kit
(Bio-Rad, Hercules, CA, USA) in a CFX96™ Real-Time
PCR System (Bio-Rad). Gene transcription levels were
subsequently quantified, with Gapdh (glyceraldehyde
3-phosphate dehydrogenase) serving as the internal con-
trol. Relative gene expression was determined using the
278ACt method [47], with primer sequences provided in
Supplementary Table 1.

Western blotting

NPCs were cultured in 6-well plates and treated with
SeNPs. Cells were lysed using RIPA lysis buffer contain-
ing phosphatase and protease inhibitors (Thermo Fisher
Scientific) to extract protein homogenate. The protein
concentration was quantified using the BCA Protein
Assay Kit (Beyotime). Equal amounts of protein were
subjected to electrophoresis on a 10% sodium dodecyl
sulfate-polyarylamide gel (SDS-PAGE) and transferred
onto nitrocellulose membranes (Beyotime). Following
blocking, the membranes were incubated with primary
antibodies (Supplementary Table 2) overnight at 4 °C.
The next day, chemiluminescence solution (Thermo
Fisher Scientific) was used to visualize protein bands after
incubation with secondary antibody (Abcam, Cambridge,
MA, USA) for 1 h. Image ] software (National Institutes
of Health, Bethesda, MD, USA) was utilized for quantita-
tive assessment of protein expression levels based on the
gray values of each band, with standardization by B-actin.

Immunofluorescence staining

NPCs were fixed in 4% paraformaldehyde (Sigma-
Aldrich) for 10 min, followed by three washes with
PBS. Subsequently, samples were treated with 0.1% Tri-
ton X-100 (Sigma-Aldrich) for 10 min, blocked with 1%
bovine serum for 30 min, and then incubated overnight
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at 4 °C with appropriately diluted primary antibodies.
The following day, secondary antibodies and phalloidin
(Sigma-Aldrich) were applied for 1 h and nuclei were
stained with 4;6-diamino-2-phenylindole (DAPI, Thermo
Fisher Scientific). Images were captured using a Zeiss
Axiovert 40CFL microscope and the fluorescence inten-
sity was measured by Image]J software.

Intracellular and mitochondrial ROS levels

Intracellular ROS levels were quantified through the use
of 2,7’-dichlorofluorescin diacetate (DCFH-DA, Beyo-
time). Following a 10-min incubation of a 10 yM DCFH-
DA solution at 37 ‘C in darkness, fluorescence images
were captured utilizing a fluorescence microscope.
The resulting fluorescence intensity was subsequently
analyzed using Image] software. To assess mitochon-
drial ROS levels, NPCs were exposed to MitoSOX Red
(Thermo Fischer Sciences), a specific fluorescent probe
capable of detecting superoxides within mitochondria.
Following a 10-min incubation with 5 uM MitoSOX Red
at 37 ‘C, fluorescence images of the mitochondria were
visualized using a fluorescence microscope, with fluores-
cence intensity quantified using Image]J software.

Fluorescence measurement of mitochondrial morphology
We used MitoTracker Red (Beyotime) to detect the new
synthesized mitochondrial. Cells were stained with 200
nM MitoTracker Red for 15 min and DAPI for 1 min
before measurement.

Mitochondrial membrane potential (MMP) level

The MMP level was assessed utilizing the Mitochondrial
Membrane Potential Assay Kit with JC-1 (Beyotime).
NPCs were treated with 0.5 uM JC-1 working solution
for 30 min at 37 C in the absence of light, followed by
incubation with cold JC-1 staining buffer. Fluorescent
images were captured using a fluorescence microscope,
and the MMP value was quantified as the ratio of red
fluorescence intensity (JC-1 aggregates) to green fluores-
cence intensity (JC-1 monomers) through the utilization
of Image] software.

Measurement of GPX enzyme activity

Total GPX activity was determined using the total GPX
assay kit (Beyotime) according to the manufacturer’s
instructions,. The decrease in nicotinamide adenine
dinucleotide phosphate measured at 340 nm using a Pow-
erWave XS spectrophotometer (BioTek, Winooski, VT,
USA) that was linearly correlated with enzyme activity.

TEM images of Mitochondria in NPCs

The cell sample was initially fixed with a 2.5% glutaralde-
hyde solution (Sigma-Aldrich) in a phosphate buffer for
4 h. Following a wash with phosphate buffer, the samples
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underwent treatment with a 1% osmium tetroxide solu-
tion (OsO,, Sigma-Aldrich) in phosphate buffer for 2 h,
followed by immersion in ethanol of varying concentra-
tions for 15 min. Subsequently, the samples were sub-
jected to treatment with a mixture of embedding agent
and acetone (Sigma-Aldrich) for 3 h. The permeated
sample was then embedded and subjected to overnight
heating at 70 C to achieve embedding. The embedded
samples were sectioned using an ultra-thin microtome
and the resulting sections were stained with uranyl ace-
tate and alkaline lead citrate (Sigma-Aldrich) for 10 min
each, before being observed using a H-7650 TEM (Hita-
chi, Tokyo, Japan).

Measurement of intracellular ATP

The intracellular ATP level was quantified using an ATP
Assay Kit (Beyotime) following the manufacturer’s pro-
tocol. NPCs were treated with cell lysate for 5 min at 4
C. After centrifugation, ATP detection working solution
was added into the supernatant in a microplate. Lumi-
nescence was measured using a CentroLB960 instrument
(Bertold Technologies, Germany) and normalized to total
protein levels determined by the BCA Protein Assay kit
(Beyotime).

RNA sequencing for gene expression analysis

Total RNA was extracted utilizing the TRIzol reagent as
per the manufacturer’s instructions. The concentration of
RNA was quantified using a NanoDrop 3000 spectropho-
tometer (Thermo Fisher Scientific), and RNA quality was
assessed with an Agilent 2100 Bioanalyzer (Agilent Tech-
nologies, Santa Clara, CA, USA). Library preparation was
carried out using the TruSeq Stranded mRNA LT Sample
Prep Kit (Illumina, San Diego, CA, USA) following the
manufacturer’s guidelines. Next-generation sequenc-
ing (NGS) and analysis were conducted on the Illumina
HiSeq X Ten platform by OE Biotechnology Co. (Shang-
hai, China) to investigate gene expression patterns at a
more granular level for each sample. Mapped reads were
generated by aligning against reference genes using the
Trimmomatic software HISAT2. GO and KEGG enrich-
ment analysis of differential transcripts were performed
using DAVID. Genes were identified as significantly and
differentially expressed based on a p-value<0.05 and
FC>1.50r<0.5.

SiRNA transfection

In the context of transient knockdown of GpxI in NPCs,
siRNA was procured from Gene Pharma (GenePh-
arma Inc, Shanghai, China) and utilized for transfection
of NPCs with either Gpxl-targeting or non-targeting
siRNA at a concentration of 100 nM, employing Lipo-
fectamine 3000 (Thermo Fisher Scientific) as per the
manufacturer’s guidelines. Specifically, 1x10° cells were
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seeded in each well of 6-well plates and cultured in Opti-
MEM medium (Thermo Fisher Scientific) supplemented
with the respective siRNA. Following an 8-h transfec-
tion period, the culture medium was replaced with fresh
growth medium. The specific sequence for GpxI siRNA
is detailed in Supplementary Table 1.

Surgical induction of degenearion in rat lumbar IVDs

The animal experiments were conducted following
approval by the Ethics Committee of Soochow Univer-
sity (SUDA20230905A03). The rats were categorized
into four groups: Sham group, IVDD group, SeNP treat-
ment group at a low concentration (25 ng/mL), and SeNP
treatment group at a high concentration (50 ng/mL).
Anesthesia was induced in SD rats through intraperi-
toneal injection of 3% sodium pentobarbital (1.5 mL/kg
body weight; Shanghai Merck Co., Ltd., China). Subse-
quently, a small incision was made on the loin back of the
rats after local skin disinfection. Muscle tissue was then
separated using microsurgical instruments to expose the
L3-4 disc. The lumbar disc was subsequently punctured
using a 21 G needle, rotated 360° within the nucleus
pulposus, and maintained for 30 s. A volume of 5 pL of
SeNPs was then introduced into the nucleus pulposus tis-
sue [48] Postoperatively, the rats received daily intramus-
cular injections of penicillin (80,000 units) for three days
and were housed under controlled environmental condi-
tions including 50—-60% humidity, temperatures ranging
from 22 to 24 C, and a light-dark cycle from 6 AM to 6
PM, with ad libitum access to appropriate diet and water.

Diagnostic imaging

At 4 and 8 weeks following surgery, SD rats were anes-
thetized and positioned prone for X-ray radiography
(250 mA, 50 kV, and 20 ms) using an X-ray Photography
System (RADspeed M, Shimadzu, Japan). Disc height loss
was assessed by measuring disc height with Image ] soft-
ware and normalizing it to the average height of adjacent
vertebrae to calculate the DHI [49].

MRI was conducted using a 1.5 Tesla system (GE
Healthcare, Chicago, IL, USA) to acquire T2-weighted
images (TR 3500 ms; TE 120 ms; field of view,
200%x200 mm; slice thickness, 1.4 mm). The water con-
tent in the nucleus pulposus tissue was evaluated by mea-
suring the high signal intensity area in the mid-sagittal
T2 image with Image J software [50].

Histology and immunohistochemical staining

The rats were euthanized at 4 and 8 weeks post-surgery,
and L3-4 lumbar vertebral specimens were subsequently
processed for histological analysis. The specimens
were fixed in 10% formalin, decalcified in 10% ethylene
diamine tetraacetic acid (EDTA), dehydrated in alco-
hol, and embedded in paraffin (all from Sigma-Aldrich).
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Sections of 6 pm thickness were cut using a microtome
(Leica Biosystems, Buffalo Grove, IL, USA). Histological
evaluation was conducted using hematoxylin and eosin
(H&E), Safranin O (S.0.)-fast green, and Masson’s tri-
chrome staining techniques (all from Solaibao Technol-
ogy Co., Ltd, Beijing, China) following the manufacturers’
instructions. Histological scoring was performed by two
observers (W.H. and X.T.) in a blinded manner [51].

In the process of immunohistochemical staining, par-
affin-embedded sections were subjected to dewaxing in
xylene and gradient alcohol, followed by a 30-min incu-
bation in 1% hydrogen peroxide (Sigma-Aldrich). Subse-
quently, the sections were blocked with 1.5% goat serum
for 30 min, and then exposed to primary antibodies
overnight at 4 C. Primary antibodies were used at 1:200
dilution and included rabbit anti-COL2A1 (ab188570,
Abcam, Cambridge, UK), anti-Aggrecan (A11691,
ABclonal, Wuhan, China), anti-GPX1 (A1110, ABclonal)
and anti-IL-1B (A20527, ABclonal). The following day,
after rinsing with PBS, the sections were treated with bio-
tinylated goat anti-rabbit secondary antibodies (Abcam)
for 30 min and stained with 3,3’-diaminobenzidine solu-
tion (DAB, Cell Signaling Technology, Danvers, MA,
USA). Finally, the nuclei were counterstained with hema-
toxylin (Solaibao).

Statistical analysis

For statistical analysis, all experiments were performed
in at least three replicates, and data were expressed as
meanztstandard error of mean (S.E.M). The Student’s
t-test was used to compare two groups, whereas the one-
way Analysis of Variance (ANOVA) was performed to
compare multiple groups. P values<0.05 (" or ) or <0.01
(" or ) were considered statistically significant. All sta-
tistical analyses were performed by PRISM 9 (GraphPad
Software, San Diego, CA, USA).

Abbreviations

LBP Low Back Pain

VDD Intervertebral Disc Degeneration
VD Intervertebral Disc

NPCs Nucleus Pulposus Cells

ECM Extracellular Matrix
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