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Abstract. Nucleus pulposus cells (NPC) are impor-
tant for the development of intervertebral disc de-
generation (IVDD). miR-4478 can aggravate IVDD,
but whether it can aggravate IVDD by regulating
ferroptosis in NPC remains unclear. The optimal
level of ferroptosis activator RSL3 for eliciting fer-
roptosis in NPC was screened by Western blot and
CCK-8 assay. The targeting relationship between
miR-4478 and its potential target solute carrier fam-
ily 7 member 11 (SLC7A11) was explored based on
dual luciferase assay. On this basis, [IVDD models
were constructed. After over-expression or knock-
down of miR-4478 or SLC7A11, CCK-8 and calcein-
AM/PI assays were employed to evaluate cell dam-
age. Flow cytometry, Western blot and Prussian blue
staining were employed to evaluate oxidation and
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ferroptosis levels, and histopathological staining was
applied to evaluate the intervertebral disc tissue in-
jury degree. The optimal concentration of RSL3 was
1 pM. Under these conditions, miR-4478 or SLC7A11
can be effectively over-expressed or knocked down
after transfection. Knockdown of miR-4478 can im-
prove the survival rate of NPC, the level of Fe?* ions,
improve the pathological damage of intervertebral
disc structure, reduce iron deposition in tissues, and
significantly reduce expression of reactive oxygen
species (ROS) and ferroptosis-related protein. The
levels of antioxidant enzymes were significantly in-
creased. When miR-4478 was over-expressed, the
above phenomenon was reversed. On this basis, after
SLC7A11 was over-expressed, the effect of miR-4478
up-regulation was weakened, and NPC ferroptosis
was improved. miR-4478 can target SLC7A11 to
promote NPC damage, peroxide accumulation and
iron metabolism disorders, leading to ferroptosis,
thereby inducing IVDD.

Introduction

Intervertebral disc degeneration (IVDD), a degenera-
tive disease, is a common cause of lumbago. It usually
occurs as gradual deterioration of the intervertebral disc
structure (Cheung et al., 2009), and it is a complex pro-
cess involving many factors such as stress, inflamma-
tion, immunity and genes (Zielinska et al., 2021). The
technical methods for clinical treatment of lumbar disc
degeneration are limited. Whether it is traction, physio-
therapy, anti-inflammatory analgesia and other conser-
vative treatments, or surgery, it is mainly to relieve pain
and current symptoms. At present, the clinical treatment
cannot completely block the pathological process of
lumbar disc degeneration (Xin et al., 2022). Therefore,
it is urgent to solve the key mechanism of IVDD in clin-
ical practice to find the key therapeutic targets for re-
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versing IVDD. The intervertebral disc comprises a cen-
tral nucleus pulposus, a surrounding annulus fibrosus,
and two cartilage endplates on the upper and lower
edges of the cone. As an avascular tissue, the nucleus
pulposus is located between the upper and lower adja-
cent cartilage endplates and is surrounded by annulus
fibrosus. The extracellular matrix of nucleus pulposus
cells (NPC) contains elastic components such as colla-
gen; they are the main functional ingredients of the in-
tervertebral disc that can withstand various mechanical
stresses. Studies have shown that the death and loss of
NPC is an important cause of IVDD (Zhang et al., 2016).
Negative feedback regulation of the cellular death
process is a key research direction to slow down IVDD.
Ferroptosis is a form of regulated cell death distin-
guished by abnormalities in iron metabolism and an ex-
cessive build-up of lipid peroxides (Bogdan et al., 2016;
Conrad et al., 2018; Ashrafizadeh, 2024). Iron overload
and lipid peroxidation can result in reactive oxygen spe-
cies (ROS) build-up. Under normal circumstances, the
intracellular antioxidant system is activated to scavenge
ROS; however, continuous production of ROS leads to
a decrease of antioxidant enzyme activity or depletion
of antioxidants and imbalance of the antioxidant system,
which in turn triggers ferroptosis. Therefore, iron over-
load and antioxidant system imbalance are widely re-
garded as a primary mechanism leading to ferroptosis.
At the same time, ferroptosis is connected to the [IVDD
process (Chen et al., 2022). Lu et al. (2021) directly
measured the unstable iron pool in human NPC and
found that the iron content was notably increased, and
different concentrations of tert-butyl hydroperoxide
(TBHP) were used to stimulate NPC. The iron level of
NPC was significantly raised, and the cell morphology
of ferroptosis was observed: mitochondria became small-
er and mitochondrial membrane density agglutinated.
Zhang et al. (2021) directly measured the iron level in
IVDD and found that it was noticeably heightened, and
the genes related to ferroptosis were significantly en-
riched. Yang et al. (2021b) stimulated mouse interverte-
bral disc tissue by TBHP to simulate the oxidative stress
response of intervertebral disc and found that a high
level of ferroptosis occurred in the treated intervertebral
disc NPC. In summary, ferroptosis involves interverte-
bral disc NPC death, and ferroptosis inhibition can sig-
nificantly alleviate the progression of IVDD.
MicroRNAs (miRNAs) inhibit the expression of genes
mainly through the complementary 3 untranslated re-
gion of their target gene. Abundant evidence shows that
miRNAs play a role in regulating various pathological
processes (NPC apoptosis, inflammatory mediator infil-
tration, extracellular matrix metabolism) and is key for
IVDD ( Li et al., 2015; Cazzanelli and Wuertz-Kozak,
2020; Yang et al., 2021a). Up-regulation of miR-21 ex-
pression in IVDD tissues can lead to abnormal prolifera-
tion and cluster formation of NPC, causing the occur-
rence and development of IVDD (Liu et al., 2014).
miR-377 is associated with extracellular matrix reorga-
nization of intervertebral discs (Tsirimonaki et al., 2013).

Other studies have shown that miR-4478 could worsen
IVDD through intensifying oxidative stress in NPC
(Zhang et al., 2023). In addition, ferroptosis is also regu-
lated by miRNAs during IVDD. Over-expression of
miR-874-3p can achieve negative regulation of tran-
scription of activator 3, thereby inhibiting the ferropto-
sis process of NPC and delaying the progression of
IVDD (Li et al., 2022). In summary, we can reasonably
speculate that miR-4478 may promote the IVDD pro-
cess by promoting the occurrence of ferroptosis.

Based on this hypothesis, this study used ferroptosis
activator RSL3 to construct an in vitro NPC ferroptosis
model (Yang et al., 2021b; Liu et al., 2023), detected the
miR-4478 level and interfered with its expression to ex-
plore the effect of miR-4478 on NPC ferroptosis, and
analysed its potential target genes. At the same time, the
mouse IVDD model was used for in vivo verification, to
provide novel insights into the IVDD occurrence and
development, as well as new targets and new strategies
for IVDD treatment.

Material and Methods

Cell grouping and processing

Human nucleus pulposus cells (NPC, CP-H097) were
purchased from Punosai Life Technology Co., Ltd.
(Wuhan, China). They were cultured in DMEM medium
containing 10 % foetal bovine serum (C0235, Beyotime,
Shanghai, China) and maintained at 37 °C in an environ-
ment with a volume fraction of 5 % CO,.

SLC7A11 over-expression (SLC7A1l) and negative
control (vector), miR-4478 over-expression (mimics)
and control (mimics NC), miR-4478 knockdown (in-
hibitor) and control (inhibitor NC) were purchased from
RiboBio (Guangzhou, China). Subsequently, the cells
were transfected with Lipofectamine 3000 (L3000001,
Invitrogen, Waltham, MA), and all transfections were
performed for 48 h.

NPC were implanted in 96-well plates at 5 x 1091 and
treated with 0, 0.5, 1 uM RSL3 for 24 h to screen the
optimal concentration of RSL3-induced cell damage.
NPC were divided into control, ferroptosis model
(RSL3), mimics, mimics NC, inhibitor, inhibitor NC
and mimics+SLC7A11 groups. The cells in the control
and RSL3 groups were cultured in DMEM for 48 h, and
the other groups were transfected with miR-4478 and
SLC7AT11. After that, except for the control group, the
other groups were treated with 1 uM RSL3 for 24 h to
induce cell damage.

gRT-PCR

RNA was isolated from NPC by TRIzol™
(15596026CN, Invitrogen, Waltham, MA) and then re-
verse transcribed with AMV reverse transcriptase (2621,
TAKARA, Tokyo, Japan) to obtain cDNA. The PCR re-
action was done with TransStart Top Green qPCR
SuperMix (AQ131-01, TRANS, Beijing, China). The re-
ference genes were U6 and GAPDH.
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Primer sequences: miR-4478: F: 5°-CAGGGCTGCA-
GGGGATG-3’;R: 5’-CTGAGGAGCCTCCAAACCTG-3;
SLC7A11:F:5-TCCTGCTTTGGCTCCATGAACG-3’;
R: 5’-AGAGGAGTGTGCTTGCGGACAT-3’; U6: F:
5’-CCCCTGGATCTTATCAGGCTC-3";R: 5’-GCCAT-
CTCCCCGGACAAAG-3’; GAPDH: F: 5°-GGAGC-
GAGATCCCTCCAAAAT-3’; R: 5’-GGCTGTTGTCA-
TACTTCTCATGG-3’. The relative expression was
calculated according to the 224t method.

CCK-8 assay

After the NPC were transfected and RSL3 was used
to induce cell injury, 10 pl CCK-8 working solution
(CA1210, Solarbio, Beijing, China) was added. The
fully mixed cells were incubated at 37 °C for 2 h. The
OD,,, .. value was determined with a microplate reader

(1410101, Thermo Fisher Scientific, Waltham, MA) to
calculate cell viability.

Calcein-AM/PI detection of live/dead cells

A Calcein-AM/PI kit (CA1630, Solarbio) was used to
detect live/dead cells. NPC were grown in a 12-well
plate, miR-4478 and SLC7A11 in NPC were over-ex-
pressed or knocked down, and then RSL3 was added to
induce cell damage, digested with trypsin and collected
for cell precipitation. The cells were washed with Assay
Buffer and adjusted to 1 x 10° cells/ml, supplemented
with 10 pl calcein-AM and incubated in the dark at
37 °C for 20 min. Thirty pl PI stock solution was added
and staining was performed in the dark for 5 min. After
that, the staining solution was discarded, the cells were
resuspended after washing with PBS, and 3 pl of the cell
solution was dropped on the slide. Then, a 490 nm exci-
tation filter was used under a fluorescence microscope
(MF52-N, Guangzhou Ming-Mei Technology Co., Ltd.,
Guangdong, China) to observe and capture the images.
Calcein-AM displayed green fluorescence, while PI dis-
played red fluorescence, corresponding to the level of
cell viability and death rate, respectively.

Determination of the ROS level in cells

A ROS detection kit (CA1410, Solarbio) was used to
detect the ROS. NPC were collected, and the number of
cells was adjusted to 1 x 10%ml. DCFH-DA was added
at 1: 1000 to an end concentration of 1 umol/l, incubat-
ed at 37 °C for 30 min, washed with PBS and stimu-
lated with a ROS-positive control for 30 min. The ROS
level was detected by flow cytometry (FCM, BD
FACSCaliburTM, BD Biosciences, Franklin Lakes, NJ).

Dual luciferase assay

The wild-type or mutant SLC7A11 3’UTR was in-
serted into the psicheck?2.0 luciferase reporter vector to
construct WT-SLC7A11 and MUT-SLC7A11 plasmids.
WT-SLC7A11 and MUT-SLC7A11 were co-transfected
with miR-4478 mimics or mimics NC into NPC using
Lipofectamine 2000 (Invitrogen). After 48 h, luciferase
activities were determined by a dual luciferase reporter
gene assay kit (G06001, Gemma Gene, Shanghai, China).

Animal grouping and processing

Twenty-four SPF male C57BL/6J mice, 6 weeks old,
weighing 20 + 2 g, were provided by Spefor Bio-
technology Co., Ltd. (Beijing, China). Mice were kept
under normal conditions (temperature 20-24 °C, rela-
tive humidity 50-70 %, light and dark 12 h/12 h). This
experiment was approved by the Zhongshan Hospital
Affiliated to Fudan University Animal Ethics Committee.

Mice were randomly divided into a sham operation
(Sham) group, model (IVDD) group, IVDD + miR-542-
3p knockdown negative control (IVDD-+antagomiR-
NC) group and IVDD + miR-542-3p knockdown
(IVDD+antagomiR-4478) group. The mice were anes-
thetized with intraperitoneal injection of 2 % pentobar-
bital sodium (50 mg/kg). In order to locate the position
of the intervertebral disc, the muscle tissue was accu-
rately stripped layer by layer from Co6 to Co8. A sterile
27G needle was inserted into the caudal vertebrae of
mice (Co6/7 and Co7/8). The nucleus pulposus was
used as the puncture object. The needle was rotated 360°
and stayed in the intervertebral disc for 30 s. The needle
was slowly pulled out and the puncture point was disin-
fected with an iodophor cotton ball. Finally, the wound
was sutured layer by layer. After two weeks, 20 nM/kg
antagomiR-NC or antagomiR-4478 solution was slowly
injected into the punctured intervertebral disc with a
27-needle syringe (Sun et al., 2021; Jia et al., 2024). The
Sham and IVDD groups were injected with the same
amount of normal saline once every two weeks for
8 weeks, and then the mice were anesthetized and sacri-
ficed by cervical dislocation, and the intervertebral disc
tissue was stripped.

HE staining

The mouse intervertebral disc tissue was fixed with
4 % paraformaldehyde for 48 h and placed in the bone
tissue decalcification solution (G1107, Servicebio,
Wuhan, China) for decalcification for 2 days, dehydrat-
ed with ethanol gradient, embedded in paraffin, and the
tissue specimens were cut into 5 um thick sections. The
sections were stained in haematoxylin solution for 5 min
and with eosin (G1120, Solarbio) for 2 min. Then, the
sections were sealed with neutral gum (G8590, Solarbio)
and the intervertebral disc tissue structure was observed
with a microscope (Axio, OLYMPUS, Tokyo, Japan).

Saffron solid green staining

After the paraffin sections of mouse intervertebral
disc tissue were dewaxed to water, the sections were im-
mersed in solid green staining (G1053, Servicebio) for 1
min. After rapid treatment with 1 % hydrochloric acid
alcohol for 10 s, the sections were immersed in safranin
staining solution for 3 min. After conventional dehydra-
tion and transparency treatment, the sections were
sealed with neutral gum and the intervertebral disc
structure was observed with a microscope.
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Prussian blue staining

A Prussian blue staining kit (G1422, Solarbio) was
used to detect ferritin and hemosiderin deposition in the
intervertebral disc tissue. The paraffin sections of inter-
vertebral disc tissue were stained by Perls working solu-
tion for 20 min, washed with distilled water and stained
with nuclear fast red staining solution for 10 min. The
sections were sealed with neutral gum and the tissue fer-
roptosis was detected with a microscope.

TUNEL staining

A TUNEL kit (C1086, Beyotime) was used to deter-
mine apoptosis in the intervertebral disc tissue. After the
paraffin sections of intervertebral disc tissue were de-
waxed to water, sections were permeabilized with pro-
teinase K for 30 min, an appropriate amount of TUNEL
working solution was added to stain for 60 min, and
DAPI solution was added to stain the nucleus for 5 min.
After sealing, the positive TUNEL staining was ob-
served with a fluorescence microscope.

Fe’" level determination

The Fe*" levels in cells and tissues were measured us-
ing a ferrous ion content detection kit (BC5415, Solar-
bio). NPC were collected after different treatments and
supernatants were collected following centrifugation at
1,000 g for 10 min at 4 °C. The intervertebral disc tissue
and 5 times the volume of the extract were homogenized
in an ice bath, and the supernatant was collected after
centrifugation at 1,000 g for 10 min at 4 °C. Two hun-
dred pl of supernatant, standard solution and reagent 1
were mixed in different centrifuge tubes and 100 pl of
reagent 2 was added and incubated for 10 min. Then,
100 pl of chloroform was added for vortex mixing for
5 min. After centrifugation, 200 pl of the upper solution
was extracted and placed in 96-well plates. The OD,,
value was measured by a microplate reader and the Fe*
content was calculated.

Determination of antioxidant enzyme levels

NPC were collected after different treatments. The
intervertebral disc tissues of mice were homogenized
and the supernatants were collected after centrifugation
at 1,200 g for 10 min at 4 °C. A malondialdehyde (MDA)
kit and glutathione (GSH) kit (A003-4-1, A006-2-1,
Nanjing Jiancheng Bioengineering Institute, Nanjing,
China) were used to determine the level of antioxidant
enzymes. The contents of MDA and GSH in NPC were
determined following the suppliers’ instructions. The
OD value was measured by a microplate reader and

450 nm
the enzyme content of each group was calculated.

Western blot (WB)

After different treatments, NPC and intervertebral
disc tissue were collected and the supernatant was fully
lysed. The protein concentration after lysis was deter-
mined. The same amount of protein was used for SDS-
PAGE electrophoresis and then transferred to PVDF

membrane (YA1700, Solarbio). After washing with TBST
buffer, the cells were incubated with 5 % skimmed milk
powder (LPO033B, Solarbio) at room temperature for 2 h.
Nuclear factor E2-related factor 2 (Nrf2, ab313825,
1:1000), glutathione peroxidase 4 (GPX4, ab125066,
1:1000), ferritin heavy chain 1 (FTHI1, ab183781,
1:1000), acyl-CoA synthetase long-chain family mem-
ber 4 (ACSL4, ab155282, 1 : 10,000), cyclooxygenase 2
(COX-2,ab179800, 1 : 2000), solute carrier family 7 mem-
ber 11 (SLC7A11, ab307601, 1:1000) and GAPDH
(ab8245, 1 : 1000) antibodies were added and incubated
overnight at 4 °C. On the next day, the TBST buffer
(T1082, Solarbio) was washed and secondary antibody
(1:20,000) was added and incubated for 1 h. The ECL
reagent (PE0O010, Solarbio) was used to develop colour
for 2 min, and then the chemiluminescence imaging sys-
tem (Tanon 5200 Multi, Tianneng Technology Co., Ltd.,
Shanghai, China) was used for imaging. The grey scale
of the strips was analysed with Image J software.

Statistical analysis

The experiments were repeated three times indepen-
dently and the measurement data of normal distribution
were expressed as mean = standard deviation. Statistical
analysis was performed by Prism software (Graph pad
9.0). Student’s #-test was used to analyse the differences
between two groups and one-way ANOVA analysis was
used to compare multiple groups. P <0.05 was regarded
as statistically significant.

Results

miR-4478 is highly expressed in ferroptosis
of NPC

RSL3 is one of the earliest identified ferroptosis in-
ducers. Targeted inhibition of GPX4 could produce
ROS and trigger ferroptosis without GSH consumption
(Dixon et al., 2012). Nrf2 can target a series of redox-
related genes and is key for reducing ferroptosis (Dodson
et al., 2019). GPX4 is a negative regulator and specific
marker of ferroptosis (Liu et al., 2021). Therefore, in
order to clarify the optimal induction concentration of
RSL3, we detected Nrf2 and GPX4 protein expression
after ferroptosis induced by 0, 0.5, 1 uM RSL3, so as to
judge whether the NPC ferroptosis model was success-
fully constructed. Nrf2 and GPX4 levels declined re-
markably with RSL3 concentration increase (Fig. 1A—C),
indicating that NPC ferroptosis induced by 1 uM RSL
was the most obvious, so the NPC ferroptosis model was
effectively constructed. Simultaneously, the miR-4478
level was detected, and it increased markedly with the
RSL3 concentration raise. When the RSL concentration
was | uM, miR-4478 was the highest (Fig. 1D). Ultima-
tely, the induction effect of 1 uM RSL was the best, fer-
roptosis was the most obvious and miR-4478 was the
highest. Therefore, 1 uM RSL was used to treat the
mouse intervertebral disc NPC to induce ferroptosis in
subsequent experiments.
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after 1 uM RSL3 induction. (D) The miR-4478 level after ferroptosis induced by different concentrations of RSL3 was
discerned by qRT-PCR, and it was found that it was the highest after 1 uM RSL3 induction.
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Over-expression and knockdown of miR-4478
can affect ferroptosis in NPC

To elucidate the specific connection between miR-4478
and ferroptosis in NPC, we used 1 pM RSL3 to induce
ferroptosis in NPC, and over-expressed or knocked
down miR-4478. First, the transfection efficiency was
tested. The miR-4478 level was significantly increased
or decreased (Fig. 2A-B), suggesting that subsequent
experiments could be performed. The cell viability was
significantly decreased after ferroptosis of NPC and it
was further reduced after over-expression of miR-4478,
but the cell viability was significantly increased after
knockdown of miR-4478 (Fig. 2C), indicating that
knockdown of miR-4478 had an improving effect on
RSL3-induced cell injury. Next, we detected the live
and dead cells by calcein-AM/PI staining. After NPC
ferroptosis, calcein-AM-labelled live cells were signifi-
cantly reduced and Pl-labelled dead cells were signifi-
cantly increased. After over-expression of miR-4478,
the cell damage was further aggravated, but it was sig-
nificantly reversed after its knockdown (Fig. 2F—H). In
conclusion, knockdown of miR-4478 attenuates RSL3-
induced cell injury by increasing NPC survival and re-
ducing cell death, while over-expression of miR-4478
aggravates RSL3-induced cell injury.

Ferroptosis is characterized by iron metabolism dis-
orders and antioxidant system inactivation, causing ac-
cumulation of lipid peroxides and ROS (Conrad et al.,
2018; Han et al., 2020), resulting in fatal damage to
cells. The MDA content can indicate the extent of lipid
peroxidation in the body and indirectly represent the
level of cellular damage. GSH can scavenge free radi-
cals and protect intracellular biomolecules from oxida-
tive damage. We detected MDA and GSH contents in
NPC treated with different treatments using appropriate
kits. The results showed that after NPC ferroptosis,
MDA increased significantly and GSH lessened signifi-
cantly. This phenomenon was further aggravated after
over-expression of miR-4478, but MDA and GSH were
notably reduced and enhanced after knockdown of miR-
4478 (Fig. 2E and I). Then, the ROS intensity in NPC
was discovered, and the results were consistent with the
MDA content change trend, that is, the ROS intensity
was significantly increased after RSL3 induction, but
the intensity was significantly decreased after miR-4478
knockdown (Fig. 2J-K). Overall, knockdown of miR-
4478 can increase the activity of antioxidant enzymes,
reduce ROS accumulation and reduce the oxidation re-
action in NPC.

Fe?* interacts with hydrogen peroxide to generate hy-
droxyl radicals, which then react with polyunsaturated
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Fig. 2. Over-expression and knockdown of miR-4478 can affect ferroptosis in NPC. (A-B) qRT-PCR showed that miR-
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was tested with CCK-8. It was found that the survival rate of NPC was significantly decreased after RSL3 induction. The
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The level of ROS increased further after miR-4478 over-expression and decreased significantly after miR-4478 knock-
down. (L-M) WB detection of ferroptosis-related proteins showed that FTH1 and GPX4 were notably decreased after
RSL3 induction, while ACSL4 and COX-2 were increased. The ferroptosis effect was more serious after miR-4478 over-
expression and it was effectively alleviated after miR-4478 knockdown.

N=3,"P<0.05"P<0.01,P<0.001.

fatty acids to produce lipid peroxides, subsequently ini-  roptosis was further aggravated after over-expression of
tiating ferroptosis (Galaris et al., 2019). Therefore, we = miR-4478, but it was alleviated after knockdown (Fig.
detected the level of Fe?* in NPC, and the Fe** level 2L-M). Finally, miR-4478 has a regulatory effect on
raised remarkably after RSL3 induction. The level of iron metabolism in cell injury. In conclusion, knock-
Fe?" increased further after over-expression of miR- down of miR-4478 can alleviate ferroptosis in NPC by
4478 but decreased significantly after its knockdown stabilizing iron metabolism and reducing the oxidation
(Fig. 2D). In addition, FTH1 is an iron storage protein, level, while over-expression of miR-4478 can aggravate
it has the ferric oxygenase function and diminishes Fe**  ferroptosis in NPC.

toxicity (Salatino et al., 2019). ACSL4 and COX-2 are

key for the regulation of ferroptosis (Yuan et al., 2016;  m;iR-4478 can target down-regulate the
Hasheml.Goradel et al., 2019). The.refore, we detected expression of SLC7AIl

ferroptosis-related protein expression. The effects of

RSL3 and miR-4478 on the protein expression in NPC The potential target gene of miR-4478 was identified
were consistent with the previous results. After RSL3 as SLC7411 by miRWalk and TargetScan databases;
induction, FTH1 and GPX4 diminished noticeably, therefore, we investigated the SLC7A11 level. The
while ACSL4 and COX-2 increased substantially. Fer- SLC7A11 level was notably declined after RSL3 treat-
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N=3,"P<0.0l.

ment (Fig. 3A-B), suggesting a potential protective ef-
fect of SLC7A11 in RSL3-induced ferroptosis of NPC.
The SLC7A11 level was markedly decreased after over-
expression of miR-4478 and significantly increased af-
ter knockdown of miR-4478 (Fig. 3C-E), indicating
that miR-4478 can target SLC7A411. Next, we used a lu-
ciferase reporter to check whether miR-4478 and
SLC7A11 bind each other. miR-4478 over-expression
could noticeably inhibit WT-SLC7A11 luciferase activ-
ity but had no notable influence on MUT-SLC7A11
(Fig. 3F), indicating that miR-4478 could bind to
SLC7A11. There is a potential binding site between
miR-4478 and SLC7A411, and the binding sequence is
shown in Fig. 3G. In conclusion, miR-4478 can target
down-regulate the expression of SLC7A411.

miR-4478 promotes ferroptosis of NPC by
inhibiting SLC7A11

Informed by the above findings, we further investi-
gated whether miR-4478 could target the SLC7A11
level to affect ferroptosis in NPC. We first verified the
over-expression efficiency of SLC7A11 and found that
the SLC7AT11 protein was successfully over-expressed
(Fig. 4A-B), indicating that further experiments could
be conducted. The NPC were split into a model (mimics
NC+Vector) group, miR-4478 over-expression (mim-
ics+Vector) group and miR-4478 over-expression +
SLC7AT11 over-expression (mimics+SLC7A11) group.
Similar to the previous results, miR-4478 over-expres-
sion aggravated RSL.3-induced NPC cell damage, iron
metabolism disorder and oxidation level. On this basis,
SLC7A11 was over-expressed, and the survival rate of
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Fig. 4. miR-4478 promotes ferroptosis of NPC by inhibiting SLC7A11. (A-B) WB detection of SLC7A11 over-expres-
sion efficiency showed that the SLC7A11 protein was effectively highly expressed. (C) The survival rate of NPC was
tested with CCK-8 and was significantly increased after SLC7A11 over-expression compared with miR-4478 over-ex-
pression alone. (D) After over-expression of SLC7A11, the level of Fe** was significantly lower than that of miR-4478
alone. (E, I) Compared with miR-4478 over-expression alone, the MDA content was noticeably reduced and the GSH
content was significantly raised after SLC7A11 over-expression. (F-H) Calcein-AM/PI detection of live and dead cells.
Compared with miR-4478 over-expression alone, SLC7A11 over-expression showed a considerable increase in live cells
and a substantial reduction in dead cells (x20, 100 um). (J—-K) The ROS level in cells was tested by FCM. After over-
expression of SLC7AL11, it was significantly lower than that of miR-4478 alone.

N=3,"P<0.05"P<0.01, P <0.001.
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Fig. 4. miR-4478 promotes ferroptosis of NPC by inhibiting SLC7A11. (L-P) WB was used to detect ferroptosis-related
proteins. Compared with miR-4478 over-expression alone, FTH1 and GPX4 were markedly increased after SLC7A1l
over-expression, while ACSL4 and COX-2 were notably diminished.

N=3,"P<0.05,"P<0.01, P <0.001.

NPC was significantly increased (Fig. 4C). Calcein-
AM-labelled live cells were significantly increased, and
Pl-labelled dead cells were significantly reduced (Fig.
4F—H). The Fe** level (Fig. 4D), MDA content (Fig. 4E)
and ROS intensity (Fig. 4J-K) were markedly lessened,
and the GSH content was considerably elevated (Fig.
41). The expression trends of GPX4, FTH1, COX-2 and
ACSLA4 aligned with the previous findings (Fig. 4L—P).
This indicated that SLC7A11 over-expression signifi-
cantly attenuated the facilitating influence of miR-4478
over-expression on RSL3-induced ferroptosis. Combined
with bioinformatic results, it was shown that miR-4478
can target down-regulate SLC7A11 to promote ferrop-
tosis of NPC, and its mechanism is related to aggrava-
tion of iron metabolism disorder and oxidation level.

Knockdown of miR-4478 can improve tissue
damage in mice with [VDD

In view of the function of miR-4478 in vitro, we fur-
ther explored the contribution of miR-4478 in IVDD
mice. AntagomiR-NC and antagomiR-4478 were inject-
ed into the caudal vertebra. The experimental procedure
is shown in Fig. 5A, and then related tests were per-
formed. HE and saffron solid green staining showed that
the Sham group had a clear structural framework, clear
boundaries between annulus fibrosus and nucleus pulp-

osus, and highly saturated intervertebral space. In IVDD
and IVDD+antagomiR-NC groups, the nucleus pulpo-
sus tissue was lost, the border between it and annulus
fibrosus was blurred, and the intervertebral height was
significantly reduced. Knockdown of miR-4478 soft-
ened the nucleus pulposus tissue loss and intervertebral
disc structure destruction (Fig. 5B—C). The apoptosis
was expanded notably in IVDD mice and decreased sig-
nificantly after miR-4478 knockdown (Fig. 5SD-E). In
conclusion, knockdown of miR-4478 can improve IVDD
by maintaining the intervertebral disc tissue structure
and reducing apoptosis.

Knockdown of miR-4478 reduced ferroptosis
in IVDD mice

Previous results have shown that miR-4478 can regu-
late ferroptosis in vitro, so we further verified whether
miR-4478 can regulate ferroptosis in IVDD mice.
Prussian blue staining showed that the blue particles in
IVDD and IVDD+antagomiR-NC groups were mark-
edly abundant, indicating that the iron deposition was
seriously elevated. After miR-4478 knockdown, the
number of the blue particles decreased and the propor-
tion of Prussian blue-positive discs decreased (Fig. 6A),
indicating that miR-4478 knockdown inhibited interver-
tebral disc iron deposition. In addition, we also found
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that the expression trends of oxidation indicators, Fe*",
SLC7AT11 and ferroptosis-related proteins in interverte-
bral disc tissues after miR-4478 knockdown were con-
sistent with the previous results (Fig. 6B-J), indicating
that knockdown of miR-4478 can reduce ferroptosis by
improving iron metabolism and oxidation levels. In con-
clusion, knockdown of miR-4478 can improve [IVDD
by reducing ferroptosis and maintaining the interverte-
bral disc tissue structure.

Discussion

At present, clinical treatment can only alleviate lum-
bago symptoms of IVDD and cannot fundamentally
prevent further degeneration. Therefore, it is of great
clinical value to actively develop drugs that can effec-
tively delay IVDD for a long time (Krut et al., 2021). In
this study, the NPC ferroptosis cell model was estab-
lished by RSL3 induction and the IVDD mouse model
was established by acupuncture. RSL3 could elicit sig-
nificant reduction of NPC ferroptosis markers Nrf2 and
GPX4. At the same time, the annulus fibrosus structure
of IVDD mice was damaged, the nucleus pulposus tis-
sue was lost, and the nucleus pulposus cells were shrunk
and deformed, their number was reduced, showing that
the model was effectively established.

The study also showed that the miR-4478 level was
notably enhanced in NPC ferroptosis, suggesting that
the miR-4478 increase may promote the occurrence of
IVDD. Studies have reported that miR-4478 accelerates
oxidative stress in NPC to aggravate [IVDD (Zhang et
al., 2023), and ferroptosis is often secondary to disor-
ders of the antioxidant system. The pathological process
of IVDD mainly includes intervertebral disc tissue in-
jury, cartilage matrix loss and NPC apoptosis, among
which the death of NPC is the main cause (Zhang et al.,
2016). Therefore, inhibition of ferroptosis can signifi-
cantly alleviate the progression of IVDD (Lu et al.,
2021; Lu and Zheng, 2023). Therefore, we speculate
that miR-4478 can promote ferroptosis of NPC and sig-
nificantly promote the progression of IVDD. In order to
prove this speculation, this study analysed the miR-
4478 effect on ferroptosis by interfering with its expres-
sion. The elevated miR-4478 level could reduce the sur-
vival of NPC and increase their death. Further studies
found that miR-4478 could significantly increase ROS,
MDA and Fe?* content, excessive consumption of anti-
oxidants such as GSH and GPX4, and significantly re-
duce the FTHI protein level, increase COX-2 and ACSL4
protein levels, but the above indicators were reversed
after miR-4478 was knocked down. It has been reported
that ferroptosis is driven by accumulation of Fe ions and
production of ROS, which produces many lipid perox-
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iron concentration by storing free iron ions and reduces
iron toxicity caused by free radical production (Cui et
al., 2023). ACSL4 is a crucial factor in determining sen-

ides (Jiang et al., 2021). Oxidative stress is viewed as
the principal cause of ferroptosis (Yu et al., 2021). MDA
and GSH are key regulatory enzymes in lipid peroxida-

tion of ferroptosis, which can lead to increased intracel-
lular ROS accumulation, further aggravating cell damage
(Jin et al., 2023) and abnormal expression of ferropto-
sis-related proteins (Nishizawa et al., 2020; Fratta Pasini
et al., 2023). GPX4 is the key regulatory factor causing
ferroptosis; the inactivation of GPX4 results in produc-
tion of peroxides in NPC, leading to ferroptosis (Chen et
al., 2021; Wu et al., 2021). FTH1 regulates intracellular

sitivity to ferroptosis (Doll et al., 2017). COX-2 partici-
pates in the inflammatory cascade and is also a peroxi-
dase involved in ferroptosis (Hashemi Goradel et al.,
2019). It is suggested that miR-4478 over-expression
could enhance ferroptosis in NPC via increasing oxida-
tive stress and iron metabolism disorders, indicating that
it could be a possible target for IVDD targeted treat-
ment.
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In addition, the SLC7AT11 level was notably decreased
in RSL3-induced NPC ferroptosis, and the potential tar-
get of miR-4478 was SLC7A411 using bioinformatic as-
sessment, with detected potential binding sites, indicat-
ing that miR-4478 could target SLC7A411. SLC7A11 can
promote biosynthesis of GSH, increase GPX4 activity,
prevent build-up of lipid peroxidation products and pre-
vent ferroptosis (Koppula et al., 2018). Studies have
shown that SLC7A11 is the main regulatory transporter
that mediates the GSH synthesis pathway. Inhibition of
SLC7AL11 expression can reduce GSH synthesis, reduce
GPX4 activity and promote ferroptosis (Zeng et al.,
2022). However, it is uncertain whether miR-4478 can
diminish ferroptosis of NPC by targeting SLC7A11.
Therefore, we simultaneously over-expressed SLC7A11
and miR-4478. The survival rate of NPC raised mark-
edly, the mortality rate decreased significantly, ROS,
MDA and Fe*" levels decreased notably, GSH, GPX4
and FTH1 levels increased remarkably, and COX-2 and
ACSL4 proteins decreased visibly, indicating that
SLC7A11 over-expression could reduce the degree of
ferroptosis of NPC and weaken the promoting effect of
miR-4478p over-expression. Combined with bioinfor-
matic results, miR-4478 can promote ferroptosis of
NPC by inhibiting SLC7A11.

Finally, we verified the function of miR-4478 in
IVDD in vivo. The IVDD mouse model was established
by the acupuncture method. It was found that the struc-
ture of intervertebral disc tissue was damaged and the
nucleus pulposus tissue was lost. Prussian blue staining
showed that iron deposition increased, GSH content de-
creased, SLC7A11, GPX4 and FTHI1 levels decreased
significantly, and MDA, Fe*", COX-2 and ACSL4 levels
increased significantly. This may be due to the damage
of electron transport chain function after mitochondrial

damage, contributing to a higher Fe*" level and exces-
sive consumption of antioxidants such as GPX4 (Fu et
al., 2022; Huang et al., 2023). The discs showed ferrop-
tosis; when miR-4478 was knocked down, the interver-
tebral disc structure destruction was reduced, iron depo-
sition was reduced, GSH, SLC7A11, GPX4 and FTH1
levels were significantly increased, MDA, Fe?", COX-2
and ACSL4 levels were significantly reduced, and apop-
tosis was significantly reduced, indicating that knock-
down of miR-4478 could reduce ferroptosis by improv-
ing iron metabolism and oxidation levels, thereby
improving IVDD.

Conclusion

Overall, this analysis revealed the mechanism of
miR-4478 effects on NPC ferroptosis in IVDD. Over-
expression of miR-4478 can promote oxidative stress
and iron metabolism disorders by inhibiting SLC7A11
and promote NPC ferroptosis to induce IVDD, indicat-
ing that miR-4478 is expected to become a biomarker
target for IVDD therapy, which holds considerable im-
portance for the diagnosis, treatment and outcome of
IVDD. However, there are some limitations in this
study. The regulatory system of miR-4478 has not been
studied in depth in the ferroptosis process, and the re-
lated signalling pathways of miR-4478 regulating fer-
roptosis have not been analysed, which needs to be fur-
ther explored.
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