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Nrf2 protects against cartilage endplate degeneration
through inhibiting NCOA4-mediated ferritinophagy
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Abstract. Iron overload and ferroptosis are associated
with intervertebral disc degeneration (IDD); however, the
mechanism underlying the regulation of iron homeostasis
remains to be elucidated. Nuclear factor erythroid 2-related
factor 2 (Nrf2) has been reported to regulate cellular iron
homeostasis; however, its impact on IDD pathology and the
underlying mechanism of action requires further investiga-
tion. In the present study, immunohistochemistry analysis
of Nrf2 expression in the cartilage endplate (CEP) was
conducted and it was demonstrated that Nrf2 expression was
increased in the CEP at the early stages of the development of
IDD, whereas it was decreased at the late stages of the devel-
opment of IDD. The results of western blot analysis indicated
that the inadequate activation of Nrf2 may aggravate mito-
chondrial dysfunction and oxidative stress, thus promoting
CEP chondrocyte degeneration and calcification. It was also
revealed that Nrf2 was involved in TNF-a-induced CEP
chondrocyte iron metabolism dysfunction and ferroptosis.
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Inhibition of Nrf2 expression using Nrf2 small interfering
RNA could enhance the process of nuclear receptor coacti-
vator 4 (NCOA4)-mediated ferritinophagy and increase
ferrous ion content, which may promote CEP chondrocyte
ferroptotic cell death and extracellular matrix degradation.
Furthermore, a decrease in cellular iron concentration may
inhibit CEP chondrocyte ferroptosis, and CEP degeneration
and calcification. The present study highlights the role of
the Nrf2/NCOA4 axis in chondrocyte ferroptosis and IDD
pathogenesis, thus suggesting that activation of Nrf2 may be
a promising strategy for IDD treatment.

Introduction

Chronic low back and leg pain originating from intervertebral
disc degeneration (IDD) affects daily life, and is the main cause
of adult disability, thus resulting in a substantial economic
burden to society and families (1). Due to the increase in the
elderly population and an increase in sedentary lifestyles, the
number of patients with IDD-related diseases has been contin-
uously increasing (2). The intervertebral disc is the largest
avascular tissue in the human body, and its nutritional supply
is received mainly via diffusion through the cartilage endplate
(CEP) and annulus fibrosus (AF). The CEP is the main route
for this nutrition supply, with 75% of normal intervertebral
disc nutrition originating from infiltration in this region (3).
Studies have shown that aging and degenerative changes in the
CEP can significantly affect the biomechanics and nutritional
supply status of the intervertebral disc, and are considered to
be the initiating factors leading to IDD (1,4). Chondrocytes
are the only cell type in the CEP, which synthesize and secrete
extracellular matrix to maintain the structure and function of
the vertebral CEP. Normal adult chondrocytes are terminally
differentiated cells and cannot adapt to microenvironmental
changes through self-renewal (5). Concomitantly, the CEP
lacks nerve and vascular distribution, which disables its
ability to react to pathological conditions. Therefore, excessive
mechanical stress, inflammation and metabolic abnormalities
may lead to oxidative stress damage or even death of chondro-
cytes, which in turn can lead to degeneration and calcification
of the CEP (6).
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The transcription factor nuclear factor erythroid 2-related
factor 2 (NFE2L2/Nrf2) was initially identified as a central
controller of cellular redox homeostasis (7). Nrf2 is normally
continuously ubiquitinated and degraded when bound to
Kelch-like ECH-associated protein 1 (Keapl) in the cytoplasm.
However, following induction of oxidative or electrophilic
stress in the cell, the spatial conformation of Keapl is altered,
enabling the release of Nrf2 from Keapl and its translocation
to the nucleus. This in turn activates target genes, including
those involved in the cell antioxidant response and regulation
of iron homeostasis, lipid metabolism and mitochondrial func-
tion regulation (8). Controlled activation of Nrf2 in normal
cells serves important roles in redox balance. By contrast,
the inhibition or insufficient activation of Nrf2 is associated
with the onset of oxidative stress. Oxidative stress has been
demonstrated to be the leading cause of IDD. The protective
effect of various phytochemicals extracted from plants, such
as astaxanthin or icariin, against the development of IDD is
attributed to the activation of Nrf2 signaling (9,10). However,
to the best of our knowledge, only one study has assessed the
roles of Nrf2 in CEP degeneration (11).

Iron is the largest trace element in the human body, and
it participates in a wide range of physiological functions and
biochemical reactions. However, excessive iron can lead to
the production of a large number of reactive oxygen species
(ROS) by participating in electron transfer of the mitochon-
drial respiratory chain, which can lead to the destruction of
mitochondrial structure and the disruption of mitochondrial
function, as well as the induction of oxidative stress, lipid
peroxidation and DNA damage; these events eventually lead
to iron-dependent programmed ferroptosis (12). Previous
studies have shown that the accumulation of iron in tissues and
cells is a common feature in a series of degenerative diseases,
including IDD (13,14). Recent studies have shown that iron
overload and ferroptosis can lead to oxidative stress injury
and the death of chondrocytes, which are important factors
contributing to articular cartilage degeneration (15,16) and
IDD (17,18). As a result, the pursuit of targeting ferroptosis has
emerged as a potential therapeutic strategy for these diseases.
However, the regulatory mechanism of iron metabolism in
CEP chondrocytes under pathological conditions requires
further investigation.

In the present study, the regulatory effects of Nrf2 and
its role in CEP chondrocyte degeneration were explored with
regard to cellular iron homeostasis and ferroptosis. The present
study aimed to offer insights into the involvement of the Nrf2
pathway and iron homeostasis in the pathogenesis of CEP
degeneration. The ultimate goal was to assess the potential of
developing effective therapeutic strategies for inhibiting the
progression of IDD.

Materials and methods

Primary CEP chondrocyte isolation and culture. A total
of 20 C57BL/6J male mice (age, 5 days) were anesthetized
by intraperitoneal injection of 2% pentobarbital sodium
(35 mg/kg body weight) and sacrificed via cervical disloca-
tion. All animals were purchased from the Experimental
Animal Center of Shandong First Medical University and
maintained in ventilated filter-top cages under standard

laboratory conditions at a constant temperature of 25°C and
40% humidity under a 12-h light/dark cycle, and were given
free access to conventional rodent chow with water. All animal
protocols were approved by the Institutional Animal Care
Committee of the Shandong Provincial Hospital Affiliated to
Shandong First Medical University (approval no. 2022-816;
Jinan, China). The tissues were minced into small pieces using
a dissecting microscope, and were then incubated with 0.25%
trypsin (Gibco; Thermo Fisher Scientific, Inc.) for 30 min and
with 0.25% type 2 collagenase (MilliporeSigma) for 4-6 h
at 37°C. Chondrocytes were harvested following centrifu-
gation at 250 x g for 10 min at room temperature and were
resuspended in DMEM/F12 (Gibco; Thermo Fisher Scientific,
Inc.) supplemented with 10% fetal bovine serum (FBS; Gibco;
Thermo Fisher Scientific, Inc.), 1% streptomycin sulfate and
1% penicillin. The cells were cultured in an incubator main-
tained with 5% CO, at 37°C. The culture medium was changed
every other day.

SiRNA transfection. siRNAs targeting Nrf2 and a negative
control siRNA were synthesized by Guangzhou RiboBio Co.,
Ltd. The siRNA sequences were as follows: Nrf2#1, sense
5'-CCACCGCCAGGACTACAGT-3"; Nrf2#2, sense 5'-GAT
GGACTTGGAGTTGCCA-3"; Nrf2#3, sense 5'-CAGGAC
TACAGTCCCAGCA-3"; scrambled siRNA, sense 5-TTCTGC
GAACGAGTGACGT-3' and antisense 5-ACCTGACGCGTA
CGGAGAA-3". When cells reached 60-70% confluence, they
were transfected with 50 nM siRNA using Lipofectamine®
3000 (cat. no. L3000015; Invitrogen; Thermo Fisher Scientific,
Inc.) for 5 h at 37°C. The negative control group was trans-
fected with scrambled siRNA. Subsequently, the medium
was replaced with normal growth medium comprised of
DMEM/F12 and 10% FBS. A total of 1 day post-transfection,
chondrocytes were used for further study.

Western blot analysis. CEP chondrocytes were treated with
0,0.1, 1, 5 and 10 ng/ml of TNF-a (R&D Systems, Inc.) with
or without Nrf2 small interfering RNA (siRNA) or 100 uM
desferoxamine (DFO; cat. no. D9533; MilliporeSigma)
for 24 h at 37°C. Then, cells were lysed with RIPA buffer
(cat. no. CW2333; CoWin Biosciences) supplemented with a
protease inhibitor cocktail for 15 min on ice; subsequently, total
protein was collected following centrifugation at 2,500 x g
at 4°C for 20 min. The concentration of total protein was
measured using the bicinchoninic acid assay protein assay kit
(Beyotime Institute of Biotechnology). A total of 25 ug total
protein was added and subsequently subjected to separation
by SDS-PAGE on 10% gels, followed by the transfer of the
separated proteins onto polyvinylidene difluoride membranes
(MilliporeSigma). After blocking with 5% BSA (Wuhan Boster
Biological Technology, Ltd.) for 30 min at room temperature,
the membranes were incubated with primary antibodies
against Nrf2 (cat. no. 16396-1-AP; 1:1,000; Proteintech Group,
Inc.), heme oxygenase (HO)-1 (cat. no. BM4010; 1:1,000;
Wuhan Boster Biological Technology, Ltd.), nuclear receptor
coactivator 4 (NCOAA4; cat. no. ab86707; 1:1,000; Abcam),
LC3B (cat. no. 4108; 1:1,000; Cell Signaling Technology,
Inc.), dynamin-related protein 1 (Drpl; cat. no. 12957-1-AP;
1:1,000; Proteintech Group, Inc.), mitochondrial fission factor
(MFF; 1:1,000; cat. no. 84580; Cell Signaling Technology,
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Inc.), ferritin heavy chain 1 (FTHI; cat. no. ab75973; 1:1,000;
Abcam), type II collagen (COL2; cat. no. 28459-1-AP;
1:1,000; Proteintech Group, Inc.), SOX9 (cat. no. A00177-2;
1:500; Wuhan Boster Biological Technology, Ltd), Parkin
(cat. no. 14060-1-AP; 1:1,000; Proteintech Group, Inc.), matrix
metalloproteinase (MMP)3 (cat. no. 17873-1-AP; 1:1,000;
Proteintech Group, Inc.), MMPI13 (cat. no. 18165-1-AP;
1:1,000; Proteintech Group, Inc.), solute carrier family 7
member 11 (SLC7AI11; cat. no. 26864-1-AP; 1:1,000;
Proteintech Group, Inc.), COL10 (cat. no. BA 2023; 1:500;
Wuhan Boster Biological Technology, Ltd.), mitochondrial
fission 1 (FIS1; cat. no. 10956-1-AP; 1:1,000; Proteintech
Group, Inc.), RUNX2 (cat. no. PB0171; 1:500; Wuhan Boster
Biological Technology, Ltd.), glutathione (GSH) peroxidase 4
(GPX4; cat. no. 67763-1-Ig; 1:1,000; Proteintech Group, Inc.)
and GAPDH (cat. no. 10494-1-AP; 1:2,000; Proteintech
Group, Inc.). Following an overnight incubation at 4°C, the
membranes underwent three washes with TBS-0.1% Tween 20.
The membranes were subsequently incubated with the corre-
sponding horseradish peroxidase-conjugated anti-rabbit or
anti-mouse secondary antibodies (1:2,000; cat. nos. BA1061
and BA1062; Wuhan Boster Biological Technology, Ltd.) for
1 h at room temperature. The signal intensity of the membranes
was visualized with enhanced chemiluminescence reagent
(Wuhan Boster Biological Technology, Ltd.) and images were
captured using a Bio-Radscanner (Bio-Rad Laboratories, Inc.).

Immunofluorescence staining. CEP chondrocytes were
isolated and seeded onto a 12-well plate. The cells were subse-
quently subjected to 5 ng/ml TNF-a treatment with or without
Nrf2 siRNA when reaching 80% confluence. Following fixa-
tion at room temperature for 20 min with 4% paraformaldehyde
and permeabilization with 0.1% Triton X-100 (cat. no. T8787;
Sigma-Aldrich; Merck KGaA), the cells were blocked with
5% BSA (Wuhan Boster Biological Technology, Ltd.) for 1 h
at room temperature and incubated with primary antibodies
against COL2 (cat. no. 28459-1-AP, 1:500; Proteintech Group,
Inc.), GPX4 (cat.no. 67763-1-1g; 1:200; Proteintech Group, Inc.)
and NCOA4 (cat. no. ab86707; 1:500; Abcam) at 4°C overnight.
Subsequently, the cells were incubated with Cy3-conjugated
goat anti-rabbit secondary antibody (cat. no. A0516; Beyotime
Institute of Biotechnology; 1:500) in the dark for 1 h at 37°C.
The cells were then subjected to a washing step with PBS and
labeled with DAPI (cat. no. AR1177; Wuhan Boster Biological
Technology, Ltd.) for 5 min with a fluorescence microscope
(Olympus Corporation).

To examine the colocalization of mitochondria and Parkin,
as well as Drpl, cells were incubated with diluted Mito-Tracker
Red CMXRos solution (cat. no. C1049B; Beyotime Institute
of Biotechnology) in the dark at 37°C for 30 min. After
MitoTracker incubation, cells were subjected to fixation and
permeabilization as aforementioned, then the cells were incu-
bated with Parkin (cat. no. 14060-1-AP; 1:200; Proteintech
Group, Inc.) and Drpl (cat. no. 12957-1-AP; 1:200; Proteintech
Group, Inc.) antibodies at 4°C overnight, and were then
incubated with fluorescein isothiocyanate-conjugated goat
anti-rabbit secondary antibodies (cat. no. A0562; Beyotime
Institute of Biotechnology; 1:500) in the dark at 37°C for 1.5 h.
After washing with PBS and labeling with DAPI, fluorescence
microscopy (Axio Observer 3; Carl Zeiss AG) was employed

to capture the images and detect the differences in the fluores-
cence expression of the corresponding proteins.

Assessment of intracellular ROS and mitochondrial
membrane potential. The primary cause of oxidative stress in
IDD is the excessive accumulation of ROS. To assess intracel-
lular ROS production, a Reactive Oxygen Species Assay Kit
(cat. no. S0033; Beyotime Institute of Biotechnology) was
used, according to the manufacturer's instructions. The CEP
cells were subjected to three washes with serum-free medium.
Subsequently, dichloro-dihydro-fluorescein diacetate was
diluted to 10 uM in serum-free medium and added to the cells
for 30 min at 37°C in the dark. After washing the cells with
serum-free medium, they were examined under a fluorescence
microscope (Axio Observer 3; Carl Zeiss AG).

Mitochondrial membrane potential was evaluated using
a mitochondrial membrane potential kit (cat. no. C2006;
Beyotime Institute of Biotechnology). Briefly, after incubation
with the JC-1 staining working solution for 20 min at 37°C,
CEP chondrocytes were rinsed with ice-cold JC-1 washing
buffer three times. Multimeric JC-1 with red fluorescence
transitions to monomeric JC-1 with green fluorescence, thus
indicating the loss of mitochondrial membrane potential. The
changes in mitochondrial membrane potential were captured
using an inverted fluorescence microscope (Axio Observer Al;
Carl Zeiss).

Alizarin red staining. Briefly, chondrocytes derived from
the CEP were seeded in 24-well plates at a density of
1x10° cells/well. The osteogenic differentiation culture
medium (Cyagen Biosciences, Inc.) was added to the cells
when cell confluence reached 80%, and the cells were incu-
bated for 3 weeks at 37°C. After thorough rinsing with PBS
and fixation with 4% paraformaldehyde at room temperature
for 20 min, the cells were stained with alizarin red solution
(Cyagen Biosciences, Inc.) at room temperature for 30 min.
Semi-quantification of the mineralized nodules was achieved
using spectrophotometric analysis. Specifically, following
dissolution in 10% (wt/vol) cetylpyridinium chloride
(Sigma-Aldrich; Merck KGaA) for 1 h at room temperature,
semi-quantification was performed by measuring its optical
density at 570 nm.

Ferrous ion (Fe**) detection. Chondrocytes were seeded in a
24-well plate at a concentration of 1x10° cells/ml. After 1 day,
serum-free medium containing 5 ng/ml TNF-a was added to
the cells and they were cultured for 24 h. Subsequently, medium
was replaced with serum-free medium containing 0.1 mmol/l
ammonium ferric citrate (MilliporeSigma) and cells were
cultured for 2 h. After three washes with Hank's Balanced
Salt Solution (HBSS; Wuhan Boster Biological Technology,
Ltd.), the cells were stained with 1 uM FerroOrange (Dojindo
Laboratories, Inc.) in HBSS for 40 min at 37°C. Subsequently,
the cells underwent three additional washes with HBSS and
were then subjected to imaging using a fluorescence micro-
scope (Axio Observer 3; Carl Zeiss AG).

Mitochondrial-specific fluorescence staining. Mito-Tracker
Green (Beyotime Institute of Biotechnology) was employed to
assess the morphological changes of mitochondria. Following
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treatment of the cells with 5 ng/ml TNF-afor 24 h at 37°C,
they were rinsed twice with FBS-free DMEM/F12, and then
exposed to FBS-free DMEM/F12 and incubated with diluted
Mito-Tracker Green solution (1:1,000) for 30 min at 37°C in
the absence of light. Subsequently, the images were captured
using a fluorescence microscope (Axio Observer 3; Carl Zeiss
AQG).

Immunohistochemical (IHC) analysis. To examine the expres-
sion pattern of Nrf2 in aging mice, 20 3-week-old C57/BL6
male mice (weight, 10 g) were randomly divided into the
following groups: 1, 3, 6 and 16 months (n=5/group), and
were maintained in ventilated filter-top cages under standard
laboratory conditions at a constant temperature of 25°C and
40% humidity under a 12-h light/dark cycle, and were given
free access to conventional rodent chow with water. C57/BL6
mice were purchased from the Experimental Animal Center
of Shandong Provincial Hospital Affiliated to Shandong First
Medical University. At the age of 1, 3, 6 and 16 months, mice
were anesthetized by an intraperitoneal injection of 2% pento-
barbital sodium (35 mg/kg body weight) and were sacrificed
via cervical dislocation. Subsequently, L4/5 intervertebral
disc samples were collected and fixed in 4% paraformalde-
hyde at 4°C for at least 24 h. To perform ITHC analysis, the
following steps were executed: The samples underwent
deparaffinization using xylene, followed by blocking with
5% BSA-containing PBS solution for 30 min at 37°C. After
antigen retrieval in citrate buffer at 100°C for 30 min, the
sections were incubated with primary antibodies against Nrf2
(cat. no. 16396-1-AP; 1:200; Proteintech Group, Inc.) overnight
at 4°C. The samples were then incubated with biotinylated
donkey anti-rabbit secondary antibodies (cat. no. BA1002;
Wuhan Boster Biological Technology, Ltd.) at room tempera-
ture for 30 min. Finally, the sections were incubated for 10 min
with 3,3'-diaminobenzidine at room temperature and coun-
terstained with hematoxylin at room temperature for 5 min.
Images were captured under a microscope (EVOS FL Auto
system; Thermo Fisher Scientific, Inc.) and Image Pro Plus
software (version 6.0; Media Cybernetics) was used to analyze
the images of IHC staining. At least five randomly selected
cartilage fields were used to accurately count immune-positive
cells, and the percentage of immune-positive cells relative to
the overall number of cells was calculated. The animals were
treated and used in accordance with all applicable interna-
tional, national and institutional guidelines.

Statistical analysis. Data are presented as the mean + SD.
All analyses were performed with GraphPad Prism software
(version 9.0; Dotmatics). Comparisons between multiple groups
were analyzed using one-way ANOVA followed by Tukey's
test. For data that were expressed as a relative fold change and
for comparisons between the control group and each of the
treatment groups, a one-way ANOVA with Dunnett's test was
performed. P<0.05 was considered to indicate a statistically
significant difference.

Results

IDD is characterized by altered expression of Nrf2 and
mitochondrial dysfunction. Aging is the leading cause

of IDD (19). As shown in Fig. 1A and B, degenerated CEP
with bony tissues that contained bone marrow and mineral-
ized bone were observed in mice that were >3 months old.
Furthermore, IHC analysis indicated that Nrf2 expression was
higher in the degenerated CEP when compared with the CEP
in 1-month old mice and the highest expression of Nrf2 was
observed in 3-month-old mice. The expression of Nrf2 in the
CEP was decreased after 3 months and no significant differ-
ence was noted between the CEPs derived from 1-month-old
and 16-month-old mice. To further determine the expression
pattern of Nrf2 during CEP degeneration, TNF-a was used to
mimic endplate osteochondritis; the protein expression levels
of Nrf2 and those of its downstream protein heme oxygenase
(HO)-1 were increased following treatment with TNF-a,
and were decreased when the TNF-a concentration reached
>1 ng/ml, which was similar to the results obtained from the
in vivo experiments (Fig. 1C and D). These results indicated
that a low dose of TNF-a could activate a Nrf2-mediated
antioxidant effect. To mimic the pathological condition in
cartilage osteochondritis, a higher concentration of TNF-a
(5 ng/ml) was used in the present study.

Nrf2 serves essential roles in redox homeostasis and mito-
chondrial function (20). To determine the function of Nrf2 in
CEP chondrocytes under endplate osteochondritis conditions,
the production of ROS and the development of mitochondrial
dysfunction were examined. As shown in Fig. 1E, TNF-a
treatment markedly promoted ROS production. Subsequently,
JC-1 staining was utilized to investigate the collapse of the
mitochondrial membrane potential. As shown in Fig. 1F,
the ratio of green JC-1 monomers to red JC-1 aggregates
was increased in the TNF-a treatment group, indicating the
collapse of mitochondrial membrane potential. Mitochondria
in healthy chondrocytes displayed a normal shape. As shown
in Fig. 1G-K, TNF-a treatment markedly promoted mito-
chondrial destruction with increased expression levels of
the mitochondrial fission proteins, MFF and Drpl. Also the
mitophagy protein Parkin was slightly increased in response
to a low dose of TNF-a (<5 ng/ml) and was significantly
decreased when TNF-a reached 10 ng/ml. In addition, the
immunofluorescence analysis of the mitochondria indicated
the destruction of mitochondria with the presence of short and
granulated mitochondria. These results indicated a negative
association between Nrf2 and CEP degeneration. During the
late stage of IDD development, Nrf2 expression was down-
regulated alongside excess ROS production and mitochondrial
dysfunction.

TNF-a impairs iron homeostasis and promotes ferroptosis.
Ferroptosis plays important roles in the development of
IDD (21). In the present study, the labile iron pool (LIP) and
the expression levels of ferroptosis markers were examined in
CEP chondrocytes following TNF-a treatment. As shown in
Fig. 2A and B, TNF-a significantly increased the immunofluo-
rescence intensity of the Fe?* probe, indicating that it promoted
the Fe?* levels of the LIP. Subsequently, the expression levels
of the ferroptosis markers, GPX4, SLC7A11 and FTH1 were
examined. Western blot analysis indicated that the expression
levels of GPX4, a key factor of ferroptosis, were significantly
reduced by TNF-a; similarly, the expression levels of FTH
and SLC7A11 were reduced (Fig. 2C-D, F-G). The decreased
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Figure 1. IDD is characterized by altered expression of Nrf2 and mitochondrial dysfunction. (A) Immunohistochemistry for Nrf2 in the CEP from mice aged
1, 3, 6 and 16 months. Black arrows indicate bony tissues. Scale bar, 100 #m; magnification, x200. (B) The ratio of Nrf2-positive cells was determined under
a microscope using five sections from seven mice. (C) CEP chondrocytes were treated with increasing concentrations of TNF-a for 24 h, and western blotting
was conducted to examine the protein expression levels of Nrf2, HO-1 and GAPDH. (D) The band density was semi-quantified and normalized to the control.
(E) CEP chondrocytes were treated with 5 ng/ml TNF-a for 24 h, and representative fluorescence photomicrographs of intracellular ROS in chondrocytes
are shown. Scale bar, 400 ym. (F) Representative fluorescence photomicrographs of mitochondrial membrane potential following incubation with JC-1. Red
fluorescence was emitted by JC-1 aggregates in healthy mitochondria with polarized inner mitochondrial membranes, whereas green fluorescence was emitted
by cytosolic JC-1 monomers, indicating mitochondrial membrane potential collapse. Scale bar, 200 ym. (G) CEP chondrocytes were treated with increasing
concentrations of TNF-a for 24 h, and western blotting was conducted to examine the protein expression levels of Parkin, Drpl and MFF. The band density
of (H) Parkin was semi-quantified and normalized to the control. (I) Representative fluorescence images of mitochondria. CEP chondrocytes were treated
with 5 ng/ml TNF-a. for 24 h and the morphology of the mitochondria was visualized using Mito-Tracker Green staining. Scale bar, 25 ym. The band density
of (J) Drpl and (K) MFF was semi-quantified and normalized to the control. Data are presented as the mean = SD from three independent experiments.
“P<0.01, ""P<0.001, ""*P<0.0001 vs. 0 ng/ml TNF-a group or as indicated. CEP, cartilage endplate; Ctrl, control; Drpl, dynamin-related protein 1; HO-1, heme
oxygenase-1; MFF, mitochondrial fission factor; Nrf2, nuclear factor erythroid 2-related factor 2.
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band density of (F) SLC7A11 and (G) FTH1 was semi-quantified and normalized to the control. Data are presented as the mean + SD from three independent

glutathione peroxidase 4; SLC7A11, solute carrier family 7 member 11.

GPX4, SLC7A11 and FTH1 expression indicated increased
CEP chondrocyte ferroptosis. In addition, immunofluores-
cence analysis of GPX4 indicated a similar trend; the red
fluorescence activity of GPX4 was decreased following TNF-a
treatment (Fig. 2E). These results indicated that TNF-a could
increase the Fe** levels of the LIP and promote ferroptosis.

Nrf2 inhibition sensitizes CEP chondrocytes to ferroptosis
by promoting NCOA4-mediated ferritinophagy.
NCOA4-mediated ferritinophagy has recently been demon-
strated to serve important roles in regulating intracellular Fe**
balance, and emerging evidence has reported that NCOA4
can regulate ferroptosis (22). The present study investigated
whether NCOA4 was involved in CEP chondrocyte ferrop-
tosis and whether NCOA4 was regulated by Nrf2. As shown
in Fig. 3A, the protein expression levels of NCOA4 were
upregulated in CEP chondrocytes following TNF-a treatment.
Subsequently, Nrf2 siRNA was synthesized and transfected
into CEP chondrocytes; the transfection efficiency was
evaluated by western blot analysis and Nrf2#1 was used in
subsequent experiments(Fig. 3D). The levels of Fe** and ferrop-
tosis markers were then examined. As shown in Fig. 3B and E,
inhibition of Nrf2 expression promoted the expression levels
of NCOA4 and the amount of cellular Fe** when compared
with the TNF-a group. Similar results of immunofluorescence

analysis of NCOA4 were obtained, indicating that inhibition of
Nrf2 further promoted CEP chondrocyte NCOA4 expression
(Fig. 3E). JC-1 staining results indicated that inhibition of Nrf2
expression impaired the mitochondrial membrane potential,
as demonstrated by the increased fluorescence levels of the
JC-1 green probe and the decreased fluorescence levels of the
JC-1 red probe (Fig. 3C). Compared with the TNF-a-treated
group, inhibition of Nrf2 expression significantly enhanced the
ferroptosis process, as determined by the reduced expression
of ferroptosis markers, including GPX4, SLC7A11 and FTH
(Fig. 3F and G). These results indicated that Nrf2 could inhibit
the NOCA4-mediated ferritinophagy process and maintain
cellular Fe?* balance. Inhibition of Nrf2 expression enhanced
NCOA4-mediated ferritinophagy and increased the levels of
active Fe?* of the LIP and sensitized CEP chondrocytes to
ferroptosis.

Nrf2 inhibition aggravates CEP chondrocyte degeneration
and calcification. To determine the role of Nrf2 in CEP degen-
eration and calcification, CEP chondrocytes were isolated and
transfected with Nrf2 siRNA, and the role of the Nrf2/HO-1
axis in TNF-a-induced CEP degeneration and calcification
was investigated. As shown in Fig. 4A and B, transfection of
cells with Nrf2 siRNA further promoted TNF-a-induced CEP
degeneration and matrix degradation, as indicated by increased
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Figure 3. Nrf2 inhibition sensitizes CEP chondrocytes to ferroptosis via promoting NCOA4-mediated ferritinophagy. (A) CEP chondrocytes were treated
with increasing concentrations of TNF-a for 24 h, and western blotting was conducted to examine the protein expression levels of NCOA4 and GAPDH. The
band density was semi-quantified and normalized to the control. (B) CEP chondrocytes were treated with TNF-a with or without Nrf2 siRNA transfection.
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efficiency was evaluated by detecting Nrf2 expression using western blotting. (E) CEP chondrocytes were treated with TNF-o with or without Nrf2 siRNA
transfection. Representative fluorescence microscopy photomicrographs of NCOA4 in CEP chondrocytes are shown. Scale bar, 50 gm. (F) CEP chondrocytes
were transfected with Nrf2 siRNA and were then treated with 5 ng/ml TNF-a for 24 h. Western blotting was conducted to examine the protein expression levels
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shown. Scale bar, 50 ym. Data are presented as the mean + SD from three independent experiments. "P<0.05, “P<0.01, ““P<0.001, “**P<0.0001. CEP, cartilage
endplate; Ctrl, control; FTH, ferritin heavy chain; GPX4, glutathione peroxidase 4; HO-1, heme oxygenase-1; NC, negative control; NCOA4, nuclear receptor
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MMP3, MMP13 and COL10 expression, and decreased SOX9
and COL2 expression when compared with the TNF-a group.
Similar results were obtained by immunofluorescence analysis
of COL2, indicating that Nrf2 siRNA further inhibited the red
fluorescence staining of COL2 protein expression (Fig. 4C).
Ocxidative stress and iron overload can promote CEP chon-
drocyte osteogenic differentiation and calcification (23). As
shown in Fig. 4D and E, inhibition of Nrf2 further promoted
the formation of calcium nodules. These results demonstrated
the essential role of Nrf2 in ameliorating CEP degeneration,
and indicated that inhibition of Nrf2 expression could aggra-
vate CEP chondrocyte degeneration and calcification.

Inhibition of Nrf2 results in mitochondrial dysfunction and
decreased mitophagy. Mitochondrial dysfunction and the
subsequent overproduction of ROS serve important roles in

the development of IDD (24). It has been reported that Parkin
activation can eliminate impaired mitochondria and amelio-
rate the progression of IDD (25). Next, CEP chondrocytes were
transfected with Nrf2 siRNA before TNF-o co-treatment;
scrambled siRNA was used as negative control. The expression
levels of Parkin and changes in mitochondrial morphology
were then investigated. As shown in Fig. 5A and C, the expres-
sion levels of Parkin in the 5 ng/ml TNF-a + siNC group
were significantly increased when compared with those in the
control group, while following inhibition of Nrf2 expression,
the expression levels of Parkin and LC3B were inhibited,
indicating that inhibition of Nrf2 decreased the mitophagy
process. Double staining of Parkin and mitochondria indicated
that Nrf2 siRNA reduced aggregation of Parkin in the mito-
chondria of TNF-a-stimulated CEP chondrocytes (Fig. 5B).
In addition, the expression levels of the mitochondrial
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Figure 4. Nrf2 inhibition aggravates CEP chondrocyte degeneration and calcification. (A) CEP chondrocytes were transfected with Nrf2 siRNA and then
treated with 5 ng/ml TNF-a for 24 h. Western blotting was conducted to examine the protein expression levels of SOX9, COL2, COL10, MMP3, MMP13
and GAPDH. (B) The band density was semi-quantified and normalized to the control. (C) CEP chondrocytes were treated with TNF-a with or without Nrf2
siRNA transfection. Representative fluorescence photomicrographs of COL2 in CEP chondrocytes are shown. Scale bar, 50 ym. (D) Alizarin Red staining
for calcium deposition in CEP chondrocytes. (E) Semi-quantitative analysis of the mineralized nodules in CEP chondrocytes is shown. Data are presented as
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fission proteins, including MFF, Drpl and FIS1 were further
increased by Nrf2 siRNA, which suggested the destruc-
tion of the mitochondrial morphology (Fig. SA and C). As
shown in Fig. 5D, immunofluorescence results indicated that
Nrf2 siRNA further led to the destruction of mitochondrial
morphology, with an increased number of short and granu-
lated mitochondria. Moreover, elevated colocalization of Drpl
and mitochondria was observed in the Nrf2 siRNA treatment
group. These results indicated that Nrf2 inhibition decreased
CEP chondrocyte mitophagy and promoted mitochondrial
dysfunction.

Iron chelation with desferoxamine (DFO) ameliorates CEP
chondrocyte degeneration and calcification. Subsequently,
the role of iron ions in CEP chondrocyte degeneration was
assessed via DFO co-treatment. DFO can chelate iron ions
and decrease the levels of cellular iron ions. As shown in
Fig. 6A, TNF-a promoted CEP chondrocyte degeneration,
which was accompanied by decreased expression levels of

the chondrogenesis proteins SOX9 and COL2, and increased
expression levels of cartilage matrix-degrading enzymes,
including MMP3 and MMP13. However, co-treatment of
cells with DFO and TNF-a reversed the detrimental effect
of TNF-a, and was accompanied by increased expression
levels of SOX9, and decreased levels of MMP3 and MMP13.
Immunofluorescence of COL2 obtained similar results, in
that DFO promoted COL2 protein expression (Fig. 6B). The
degeneration and calcification of the CEP can significantly
diminish the oxygen and nutrient supply to intervertebral
discs, and is an important contributing factor in IDD. To
explore the potential inhibitory effects of DFO on CEP calci-
fication, and the expression of chondrocyte hypertrophic and
osteogenic markers, including RUNX2 and COL10, western
blot analysis was conducted. As shown in Fig. 6C, DFO exhib-
ited a significant inhibitory effect on the expression levels of
TNF-a-induced hypertrophic and osteogenic markers (COL10
and RUNX2). Furthermore, CEP chondrocytes were treated
with DFO to determine its effects on chondrocyte osteogenic
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differentiation and mineralization. Fig. 6D displays the results
of alizarin red staining, which was used to assess calcium
nodule formation. TNF-a treatment markedly promoted the
formation of mineralized deposits in CEP chondrocytes, an
effect that could be reversed following co-treatment of the
cells with DFO and TNF-a. As shown in Fig. 6E, western
blot analysis revealed that DFO treatment restored the dimin-
ished protein expression levels of GPX4 and SLC7A11 in
CEP chondrocytes, indicating that DFO effectively inhibited
TNF-a-induced CEP chondrocyte ferroptosis. These findings
suggested that an excess of iron ions may contribute to CEP
chondrocyte degeneration and calcification, and that reducing
cellular iron ions represents an effective approach to inhibit
CEP chondrocyte degeneration and calcification.

Discussion

The degeneration and calcification of the CEP can signifi-
cantly hinder the nutrient supply to the intervertebral disc,
making it a recognized and substantial contributor to the
initiation and development of IDD (26). Although clinical
evidence has established a close association between endplate
osteochondritis and IDD, previous investigations have
predominantly concentrated on the degeneration of the
nucleus pulposus (NP) and AF; however, the mechanisms
underlying CEP degeneration have not yet been fully eluci-
dated (27). The strategy of targeting CEP degeneration aims
to enhance nutrient and oxygen supply to the intervertebral
disc, and is gaining increasing attention. It has previously
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been reported that Nrf2 has a protective role in inhibiting IDD
development (28). In addition, ferroptosis is a newly identified
cell death process that has been shown to serve an important
role in NP degeneration (17). In view of the close relationship
between ferroptosis and cellular oxidation levels, the roles of
Nrf2 signaling were examined with regard to the regulation
of CEP chondrocyte ferroptosis and its contribution to the
development of IDD in the present study. The results showed
that Nrf2 serves important roles in ameliorating CEP degen-
eration. In addition, Nrf2 can maintain CEP chondrocyte
redox homeostasis and mitochondrial function, decrease the
levels of Fe** of the LIP and inhibit ferroptosis by inhibiting
NCOA4-mediated ferritinophagy.

In the present study, CEP chondrocytes were treated with
TNF-a to mimic endplate osteochondritis. Notably, aging is
the leading cause of IDD (19). The results of the present study
demonstrated that Nrf2 expression in the CEP was increased at
the early stage of the IDD process, and was decreased following
3 months of IDD development. No significant differences

in Nrf2 expression levels were observed in the CEP between
16-month-old mice and 1-month-old mice. Similar results were
observed in the in vitro experiments of the present study. Along
with the decrease in Nrf2 expression, decreased Parkin protein
expression and increased mitochondrial dysfunction were
observed following treatment of the cells with a high concentra-
tion of TNF-a treatment. To elucidate the role of Nrf2 in CEP
degeneration, CEP chondrocytes were isolated and transfected
with Nrf2 siRNA. The data indicated that inhibition of Nrf2
expression promoted CEP degeneration and calcification.
Furthermore, inhibition of Nrf2 promoted CEP chondrocyte
ferroptosis. The results were consistent with those of the previous
study indicating that pro-inflammatory cytokines, such as IL-1{3
and TNF-a, or oxidative stress could promote Nrf2 expression
and activate the antioxidant system (12,13). The results of the
present study further indicated that Nrf2 expression in the CEP
was decreased in the late stages of IDD, and inadequate activa-
tion of the Nrf2 signaling pathway aggravated CEP degeneration
via promoting mitochondrial dysfunction and oxidative stress.
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Epidemiological evidence has suggested that due to the
lack of effective ways for the body to excrete iron, middle-aged
and elderly individuals are generally in an iron overload
state (29). Previous research has found that when estrogen
levels in postmenopausal women decrease by 90% compared
with normal levels, serum iron can rapidly increase by 2-3
fold. In addition, the average serum iron level in middle-aged
and elderly men is 121 ng/ml, which is considered to be 3-4
fold higher than that noted in adolescents (30,31). Ferroptosis
is closely regulated by the lipid repair system, including GSH
and GPX4. Two main induction modes of cell ferroptosis have
been proposed as follows: One is the classical ferroptosis
mode caused by decrease of the GPX4 lipid repair system, and
the other is the LIP caused by the increase of cellular Fe** (32).
Increased levels of Fe?* in the LIP can increase sensitivity
to ferroptosis (33). The present results indicated that TNF-a
increased the concentration of Fe?* in CEP chondrocytes and
promoted CEP chondrocyte ferroptosis.

Ferroptosis depends on the imbalance of iron metabolism
and the deposition of iron ions in cells. Cellular iron overload
can affect the sensitivity of cells to ferroptosis by increasing the
concentration levels of iron ions in cells and the levels of lipid
peroxidation (34). Numerous diseases and pathological condi-
tions in the human body are attributed to iron overload and
ferroptosis, such as chronic renal failure, Parkinson's disease,
Alzheimer's disease, osteoporosis and arteriosclerosis (35). In
the present study, DFO was used to chelate the cellular iron
ions and decrease the Fe?* of the LIP. The data indicated that
DFO could inhibit TNF-a-induced CEP degeneration and
ferroptosis, and demonstrated that targeting iron metabolism
and ferroptosis is a promising treatment strategy for IDD.

Cellular iron homeostasis is achieved by precise regulation
of iron metabolism-related proteins involved in iron uptake
(transferrin receptor protein 1, divalent metal transporter 1),
storage (ferritin) and output [ferroportin (FPN)] (30). Previous
studies have indicated that Nrf2 can regulate the iron efflux
protein FPN and promote cellular iron output (36). In the
present study, it was revealed that, in addition to controlling
cellular iron output, Nrf2 could directly regulate the LIP by
controlling ferritin synthesis. NCOA4 serves as a specific cargo
receptor responsible for facilitating the autophagic degrada-
tion of ferritin within lysosomes. This recycling mechanism
is commonly referred to as ferritinophagy (37). It has been
demonstrated that smoke exposure can promote the expression
of NCOAA4 in bronchial epithelial cells, which could activate
autophagic degradation of ferritin and increase the intracel-
lular LIP (38). The present study demonstrated that Nrf2 could
inhibit NCOA4-mediated ferritinophagy, thus decreasing the
levels of active Fe?* of the LIP. By contrast, Nrf2 inhibition
promoted NOCA4 expression and increased the induction of
ferritinophagy, which could increase the levels of cellular free
Fe?* and enhance cell susceptibility to ferroptotic cell death.

Parkin-mediated mitophagy serves important roles in
NP degeneration and has been demonstrated to be a poten-
tial therapeutic target for IDD (25). However, the role of
Parkin in CEP degeneration and calcification has been rarely
reported (30). The present study demonstrated that the protein
expression levels of Parkin were increased in response to a
low concentration of TNF-a treatment and were decreased
along with the knockdown of Nrf2. Obvious Parkin expression

was observed in the control group and peak levels of Parkin
expression were observed in response to 1 ng/ml TNF-q; the
protein expression levels of Parkin began to decrease when the
concentration of TNF-a reached 5 ng/ml. It was hypothesized
that this may be because incubation with 5 ng/ml TNF-a for
24 h mimics the pathological condition of OA and begins to
cause damage to CEP chondrocytes. A link between the Nrf2
signaling pathway and Parkin protein has previously been
demonstrated (29). To investigate the regulation of the Parkin
protein by Nrf2, Nrf2 siRNA was synthesized and transfected
into CEP chondrocytes. Notably, the expression levels of
Parkin were low in the group transfected with scrambled
siRNA but were significantly increased by 5 ng/ml TNF-q; it
was hypothesized that this may be attributed to the effect of
the scrambled siRNA and Lipofectamine on cell viability. The
data indicated that the Parkin-mediated mitophagic process
was inhibited and mitochondrial morphology destruction
was increased with the elevated expression of mitochondrial
fission proteins, Drpl, MFF and FIS1. Increased short and
granulated mitochondria were observed following inhibition
of Nrf2 expression, indicating the destruction and dysfunction
of mitochondrial morphology.

In conclusion, the findings of the present study demon-
strated the essential role of Nrf2 in controlling CEP
degeneration and revealed that Nrf2 could regulate iron homeo-
stasis via NCOA4-mediated ferritinophagy. Inhibition of Nrf2
expression could promote NCOA4-mediated ferritinophagy,
thus enhancing the free LIP, and promoting CEP chondrocyte
oxidative stress and ferroptotic cell death. Activation of Nrf2
and targeting iron metabolism may be promising strategies for
the treatment of IDD.
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