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Abstract

Ferroptosis is a necrotic form of regulated cell death that was associated with lipid

peroxidation and free iron‐mediated Fenton reactions. It has been reported that iron

deficiency had been implicated in the pathogenesis of intervertebral disc degeneration

(IVDD) by activating apoptosis. However, the role of ferroptosis in the process of IVDD

has not been illuminated. Here, we demonstrate the involvement of ferroptosis in IVDD

pathogenesis. Our in vitro models show the changes in protein levels of ferroptosis

marker and enhanced lipid peroxidation level during oxidative stress. Safranin O

staining, hematoxylin‐eosin staining, and immunohistochemical were used to assess the

IVDD after 8 weeks of surgical procedure in vivo. Treatment with ferrostatin‐1,
deferoxamine, and RSL3 demonstrate the role of ferroptosis in tert‐butyl hydroperoxide
(TBHP)‐treated annulus fibrosus cells (AFCs) and nucleus pulposus cells (NPCs).

Ferritinophagy, nuclear receptor coactivator 4 (NCOA4)‐mediated ferritin selective

autophagy, is originated during the process of ferroptosis in response to TBHP treat-

ment. Knockdown and overexpression NCOA4 further prove TBHP may induce

ferroptosis of AFCs and NPCs in an autophagy‐dependent way. These findings support

a role for oxidative stress‐induced ferroptosis in the pathogenesis of IVDD.
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1 | INTRODUCTION

Regulated cell death (RCD), such as apoptosis, plays an important role in

a variety of physiological processes, including organogenesis and main-

taining homeostasis. Abnormal regulation of RCD is involved in the onset

and development of many human diseases (Pasparakis & Vandenabeele,

2015). Ferroptosis, a recently recognized type of RCD, has been

identified as an iron‐dependent and caspase‐independent nonapoptotic
cell death. Among RCDs, ferroptosis is identified as an iron‐dependent
RCD, which characterized by lipid peroxidation of cell membrane

attributed to reactive oxygen species (ROS) generated in the iron‐
mediated Fenton reaction (Dixon et al., 2012; Stockwell et al., 2017).

Ferroptosis is different from other typical nonapoptotic cell death via its

morphological features of mitochondrial shrinkage and increased density
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of mitochondrial membrane, biochemical features of accumulated iron

and lipid ROS, and genetic features of involvement of a distinctive set of

genes (Angeli, Shah, Pratt, & Conrad, 2017; Xie et al., 2016). Glutathione

peroxidase 4 (GPx4), the lipid repair enzyme and a member of the

selenoprotein family, has been illustrated to repress the activity of

ferroptosis by reducing lipid hydroperoxidation (Friedmann Angeli et al.,

2014; Imai et al., 2003).

Ferroptosis has been involved in some pathophysiological en-

vironments, such as degenerative diseases, tumorigenesis, and stroke

(Angeli et al., 2017; Xie et al., 2016). It has been reported recently that

inactivation of Gpx4 in mice caused ferroptosis in kidney tubular cells,

inducing acute renal failure, which was efficiently prevented by a spe-

cific ferroptosis inhibitor ferrostatin‐1 (Fer‐1; Friedmann Angeli et al.,

2014), and that deferoxamine, compound 968, and Fer‐1, all of which
inhibit glutaminolysis and ferroptosis, limit myocardial I/R injury ex vivo

(Gao, Monian, Quadri, Ramasamy, & Jiang, 2015). Although the fer-

roptosis has been found involved in disease pathogenesis such as renal

and brain injury models (Friedmann Angeli et al., 2014; Li et al., 2017;

Linkermann, Stockwell, Krautwald, & Anders, 2014; Martin‐Sanchez
et al., 2017), the participation of ferroptosis in the spinal diseases,

including intervertebral disc degeneration (IVDD), remains unclear.

Low back pain (LBP) is a common symptom in middle‐aged and

elderly people. There are many factors that can cause chronic LBP, such

as aging, genetics, and lifestyle, severely lowering the life quality of hu-

man beings (Jensen, Riis, Petersen, Jensen, & Pedersen, 2017). IVDD is

widely acknowledged to be a leading cause of LBP (Cao et al., 2015; Yang

et al., 2015, 2016), causing huge social and economic burdens. inter-

vertebral discs (IVDs) are fibrocartilage tissues located between the

vertebrae; these tissues function as shock absorbers by distributing

mechanical loads along the spine and promoting flexibility in the trunk

(Henry, Clouet, Le Bideau, Le Visage, & Guicheux, 2018). A normal IVD

consists of an external fibrous ring (AF), which forms an annular structure

to surround the nucleus pulposus (NP) and is connected to the adjacent

vertebral body through a cartilage endplate (Le Maitre, Binch, Thorpe, &

Hughes, 2015). AF and NP have an essential role in maintaining the

normal function of IVD. Multiple reasons, such as oxidative stress,

trauma, infection, inflammation, are involved in the occurrence and

development of IVDD (Feng et al., 2016; Vo et al., 2013).

In the process of IVDD, degeneration of the cartilage endplates,

annulus fibrosus rupture, and inflammation, exacerbate oxidative stress

in nucleus pulposus cells (NPCs) through inducing ROS production

(Shamji et al., 2010). In the initiation and progression of IVDD,

aggressive oxidative stress, inducing mitochondrial apoptosis in NPCs

(Nasto et al., 2013; Nerlich et al., 2007), accelerating cell aging (Dimozi,

Mavrogonatou, Sklirou, & Kletsas, 2015; Jeong, Lee, & Kim, 2014) and

inducing autophagy in annulus fibrosus cells (AFCs; W. N. Xu et al.,

2019), has an essential role. It has been reported that ROS, oxidative

stress, and autophagy also participates in the process of ferroptosis (Lee

et al., 2020). A recent study has discovered that labile iron is produced

by autophagic ferritin degradation in a process termed ferritinophagy

(Mancias, Wang, Gygi, Harper, & Kimmelman, 2014). This new form of

autophagy lies in the selective ferritin receptor nuclear receptor

coactivator 4 (NCOA4), which transports ferritin to the autophagosome

(Dowdle et al., 2014). More importantly, according to the latest news,

ferritinophagy can promote the process of ferroptosis (Gao et al., 2016;

Hou et al., 2016). Therefore, we hypothesized that oxidative stress may

induce ferroptosis of AFCs and NPCs in an autophagy‐dependent way.

2 | MATERIALS AND METHODS

2.1 | Cell culture and patient specimens obtain

According to the previous research method (X. Wang et al., 2014),

SD rat AF cells and NP cells were acquired. AF cells and NP cells

were cultured in DMEM/F12 modified medium (Gibco, Invitrogen).

All medium contained 10% fetal bovine serum, 100 units/ml peni-

cillin, and 100 μg/ml streptomycin. Cells were cultured in a humidi-

fied atmosphere of 5% CO2 at 37°C. To investigate whether

ferroptosis could occur in AF and NP cells in the event of oxidative

stress, cells were exposed to tert‐butyl hydroperoxide (TBHP) for

different concentrations (0, 50, 100, 200 µM) to determine the best

concentration. Human disc tissues were obtained from patients who

had undergone elective spinal surgery. Human disc tissue collection

and experiments were approved by the Ethics Committee of Xinhua

Hospital Affiliated with the Shanghai Jiao Tong University School of

Medicine. All experiments involving human specimens followed the

Helsinki declaration (World Medical Association, 2014).

2.2 | Reagents and antibodies

The following reagents were used: Fer‐1 (HY‐100579; MedChem-

Express), deferoxamine mesylate (DFO; HY‐B0988; MedChemEx-

press), RSL3 (HY‐100218A; MedChemExpress), 3‐methyladenine

(3‐MA; M9281; Sigma‐Aldrich).
The antibodies used were mouse anti‐FTH (sc‐376594; Santa

Cruz), mouse anti‐GPX4 (sc‐166570; Santa Cruz), rabbit anti‐PTGS2
(12375‐1‐AP; ProteinTech), mouse anti‐ACSL4 (sc‐365230; Santa

Cruz), rabbit anti‐NCOA4 (PA5‐36391; Thermo Fischer Scientific),

rabbit anti‐LC3 (NB600‐1384; Novus), rabbit anti‐P62 (18420‐1‐AP;
ProteinTech), mouse anti‐GAPDH (60004‐1‐Ig; ProteinTech), rabbit
anti‐ferritin (ab75973; Abcam).

2.3 | Quantitative reverse transcription‐
polymerase chain reaction analysis

For detecting messenger RNA, the tissue were lysed and TRIzol reagent

(Invitrogen) was used to extract the total RNA. Complementary DNA

templates were generated by using the PrimeScript™ RT reagent

Kit with gDNA Eraser (Takara). Reverse transcription‐polymerase

chain reaction (RT‐PCR) was carried out on the Mx3000P system

(Stratagene) by using the SYBR Premix Ex Taq™ II Kit (Takara)

according to the instruction. As for microRNA (miRNA) detection, the

miRNAs were isolated using miRNA Isolation Kit (BioFlux). RT‐PCR was
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proceeded using All‐in‐One™ miRNA Fist‐Strand cDNA Synthesis Kit

(GeneCopoeia) and All‐in‐One™ miRNA qPCR Kit (GeneCopoeia) with

RNU6‐2 as the internal reference. The ‐ΔΔ2 Ct method was used to

estimate the relative expression level of the miRNAs.

2.4 | Western blotting

Western blotting was conducted as previously described (Fujii et al.,

2012). Briefly, the proteins were harvested from cell lysates using

radioimmunoprecipitation assay (Beyotime) including phenylmethy-

lsulfonyl fluoride (Beyotime) after AF and NP cells were washed by

ice‐cold phosphate‐buffered saline (PBS). Protein concentrations were

detected by the BCA Protein Assay Kit (Beyotime). Equal amounts

of total protein were resolved by 8%–12% sodium dodecyl sulfate–

polyacrylamide gel electrophoresis in each experiment and transferred to

polyvinylidene difluoride membrane (Millipore). Then the membranes

were blocked in Blocking Buffer (Beyotime) and were incubated with a

specific primary antibody at 4°C overnight. After that membranes were

washed with TBST three times and incubated with horseradish perox-

idase (HRP)‐conjugated secondary antibodies. Finally, using chemilumi-

nescence detection (34080; Thermo Fisher Scientific and 1705061;

Bio‐Rad) with the ChemiDocTM Touch Imaging System (Bio‐Rad) to get

results. The results were quantified by ImageJ (National Institutes of

Health).

2.5 | Lactate dehydrogenase release assay

IVD cell death was detected by the lactate dehydrogenase (LDH)

release assay, which can reflect the integrity of the cell membrane,

using the LDH Cytotoxicity Assay Kit (Beyotime). AFCs and NPCs

were transferred into 96‐well plates and then 100 μl of LDH reaction

solution was added to each well for 30min. Finally, using a Microplate

Reader (Bio‐Rad) to detect the absorbance at 490 nm.

2.6 | Lipid peroxidation assay

A lipid peroxidation sensor, BODIPY™ 581/591 C11 (D3861; Thermo

Fisher Scientific), was used to measure the lipid peroxidation level in

vitro according to the manufacturer's instruction. Briefly, cells were

incubated for 30min with BODIPY 581/591 C11 (2 μM) in a serum‐free
medium. Images were acquired under fluorescence microscopy (BX51;

Olympus). Fluorescence of the sensor was monitored by simultaneous

acquisition of the green (484/510 nm) and red signals (581/610 nm),

providing a ratio index of lipid peroxidation.

2.7 | Transmission electron microscopy

Electron microscopy was performed to monitor the occurrence of au-

tophagy and morphological changes in the cell interior according to the

previous study (Cao et al., 2017). After being treated with 100 μM

TBHP or 100 μM TBHP and 10 μM Fer‐1 for 3 h, AF and NP cells were

dissociated and fixed in 2.5% ice‐cold glutaraldehyde overnight and

postfixed in osmium tetroxide. After that, before being rinsed with

propylene oxide and impregnated with epoxy resin, the cells were de-

hydrated with a series of alcohol concentrations. Uranyl acetate and

lead citrate were used by microscopy as a negative control. Electron

micrographs were obtained by transmission electron microscope (TEM)

according to the means reported by Wang et al. (2013).

2.8 | Immunofluorescence examination

Immunofluorescence staining was performed as formerly depicted

(Ito et al., 2015). After removing medium and washing with PBS,

treated AF and NP cells were then fixed with 4% paraformaldehyde

for 15min followed by permeabilization with 0.03% Triton X‐100
(Beyotime) for 60min and blocked with 5% BSA (Beyotime) for

60min. After that, cells were incubated with the primary antibodies

at 4°C overnight in a humidified box. On the following morning, cells

were washed and incubated with fluorescein isothiocyanate‐ or

tetramethylrhodamine isothiocyanate‐conjugated second antibodies

for 1 h and labeled with DAPI (Beyotime) for 5 min. The fluorescence

intensity of GPX4 and ferritin heavy chain (FTH) were analyzed by

the fluorescence microscopy (Olympus BX51).

2.9 | Monitoring autophagic flux by tandem
mRFP‐GFP‐LC3

To detect the autophagic flux, cells were transfected with mRFP‐GFP‐
LC3 adenovirus (Hanbio Co. Ltd.). AF and NP cells were transfected with

tandem fluorescent mRFP‐GFP‐tagged adenovirus for 48 h following the

manufacturer's instruction and then fluorescence microscopy (Olympus

BX51) was used to monitor LC3 puncta after other treatments.

2.10 | Co‐immunoprecipitation assay

Cells were collected by centrifugation at 300g for 10min and lysed

with ice‐cold cell lysis buffer (Beyotime Biotechnology). A specific

protein antibody against the target protein was incubated with

Protein G Agarose beads (Invitrogen) for 3 h at 4°C, and the lysate

was then added to the mixture. The mixture was incubated at 4°C

overnight. After that, the mixture was washed three times with ice‐
cold PBS, the co‐immunoprecipitation (Co‐IP) product was harvested,

and western blotting was used to analyze the proteins.

2.11 | Small interfering RNA transfection

NCOA4 si‐RNA was purchased from the manufacturer (Genomedi-

tech). The consequence was listed as follow: si‐NCOA4‐1 (sense:
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5′‐GCCCUACAAUGUGAAUGAU‐3′ and antisense: 5′‐AUCAUUC-
ACAUUGUAGGGC‐3′), si‐NCOA4‐2 (sense: 5′‐GGCCAAUUCAAU
UGUCUUA‐3′ and antisense: 5′‐UAAGACAAUUGAAUUGGCC‐3′),
and si‐NCOA4‐3 (sense: 5′‐GCUCAUCCUAGUUCUUCAA‐3′ and

antisense: UUGAAGAACUAGGAUGAGC‐3′). Small interfering RNA

(si‐RNA) was transfected into AF and NP cells by using Lipofectamine

3000 reagent (Invitrogen). si‐NC was used as a negative control.

2.12 | Lentivirus transfection

Lenti‐NCOA4 or lenti‐NC was added into the medium at 60%–80%

cell density. The medium was then removed and replaced with a

fresh medium. Western blotting and fluorescence microscope were

used to detect the transfection efficiency.

2.13 | Surgical procedure

Rat experiments were conducted according to the International

Guiding Principles for Biomedical Research Involving Animals and

were approved by our University Ethics Committee (Ethics

Committee of Xinhua Hospital Affiliated with Shanghai Jiao Tong

University School of Medicine). A total of 15, 10‐week‐old male

Sprague‐Dawley (SD) rats were randomly divided into three groups

(control group, saline group, and deferoxamine group), then proceeded

intraperitoneal injection with 2% (wt/vol) pentobarbital according to

the weight (40mg/kg). Perform model surgery on the saline group

and deferoxamine group. As mentioned before (Han et al., 2008), the

operation section of rat tail disc (Co7/8) was located by palpation on

the coccygeal vertebrae and confirmed by the X‐ray radiograph.

Needles (20‐G) were used to puncture the AF through the tail skin

perpendicularly and all the needles were revolved 360°. After the

operation, the deferoxamine solution (50mg/ml) was immediately

injected intraperitoneally 0.2mg/g/day until the rat was killed. The

saline group was given the same amount of normal saline. The rats are

monitored daily to ensure their health, and all rats are allowed to carry

and exercise freely and without restrictions.

2.14 | Magnetic resonance imaging method

After 8 weeks of model operation, the animals were performed the

magnetic resonance imaging (MRI) examination.

2.15 | Histopathologic analysis

The rats were killed by an intraperitoneal overdosage injection of

10% pentobarbital and the tails were obtained on 8 weeks after

surgery. Specimens were fixed with formaldehyde and then dec-

alcified, after that dehydrated and embedded in paraffin. The tissues

were cut into 5‐mm sections. The disc specimens were stained with

safranin O‐fast green (S‐O) and hematoxylin‐eosin (HE) staining. The

structure of discs was observed by a microscope.

2.16 | Immunohistochemical examination

The sections were deparaffinized and rehydrated and then antigen

was retrieved in microwaved for 15min each. Then, endogenous

peroxidase activity was blocked for 10min by 3% hydrogen peroxide,

and nonspecific binding sites were blocked for 30min at room

temperature by 5% BSA. The primary antibodies (GPX4, FHT, LC3)

were added to sections and incubated overnight at 4°C. The sections

were incubated with an appropriate HRP‐conjugated secondary

antibody and counterstained with hematoxylin.

2.17 | Statistical analysis

All the experiments were performed at least three times. The results

were expressed as mean ± SD. Statistical analyses were performed

using the SPSS statistical software program 20.0. In addition, the

Student's t‐test was used to analyze the significant differences

between the two independent groups, and the differences between

the multiple groups were compared by one‐way analysis of variance.

*p < .5, **p < .01, ***p < .001 represents the difference.

3 | RESULTS

3.1 | Compared with normal IVD tissue,
ferroptosis occurred in degenerated IVD tissue

To investigate whether degenerative disc tissue occurs ferroptosis,

patients with hemivertebral disc tissue were collected as the normal

group and those with lumbar disc herniation as the degenerative

group. Quantitative RT‐PCR results showed that the GPX4 level of

the degenerative group was downregulated and the prostaglandin‐
endoperoxide synthase 2 (PTGS2) level was upregulated in the

contrast of normal group (Figure 1a,b). It is obviously found that the

expression of GPX4 and FTH was decreased and PTGS2 was in-

creased in the degenerative group compared with the normal group

(Figure 1c). The ratio of GPX4/β‐actin, FTH/β‐actin, and PTGS2/β‐
actin further implied that ferroptosis occurred in the degenerative

disc tissue (Figure 1d–f).

3.2 | Oxidative stress‐induced ferroptosis in rat
AFCs and NPCs

To simulate the role of oxidative stress during IVDD, AFCs and NPCs

were exposed to TBHP at a different concentration (50, 100, and

200 μM) for 3 h. LDH assay demonstrated that the cell death rate

of AFCs and NPCs increased with growing TBHP concentration
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(Figure S1a,b). Western blotting showed that the expression of FTH

and GPX4 was decreased and the expression of PTGS2 and long‐
chain acyl‐CoA synthetase 4 (ACSL4) were increased with the in-

crease of TBHP concentration (Figures 2a and 2e). Figures 2b and 2f

also confirmed that TBHP induced the expression of ferroptosis

marker proteins to change in AFCs and NPCs. Lipid peroxidation

assay suggested that the lipid peroxidation level of AFCs and NPCs

increased, as the concentration of TBHP increased (Figures 2c and 2g).

The main morphological characteristics of ferroptosis under TEM

performed those dense and smaller mitochondria with increased

membrane density and vestigial cristae (Dixon et al., 2012). To confirm

these morphological features, TEM evaluation was carried on in TBHP‐
exposed AFCs and NPCs. Dense and shrunken mitochondria were

highly obvious in TBHP treated AFCs and NPCs compared with the NC

group cells (Figures 2d and 2h).

3.3 | Cell death in AFCs and NPCs caused by
TBHP could be specifically suppressed and was
similar to ferroptosis caused by RSL3

To further determine whether oxidative stress‐induced disc degen-

eration occurred ferroptosis, we used DFO, Fer‐1, ferroptosis spe-

cific inhibitors, and RSL3, ferroptosis specific inducer. Western

blotting results indicated that ferroptosis specific inhibitors, DFO

and Fer‐1, could reverse the downtrend of the expression of FTH and

GPX4, and ferroptosis specific inducer, RSL3, could also cause the

gradual downtrend of the expression of FTH and GPX4 with the

RSL3 consistence increased (Figures 3a and 3f). Figures 3b,c and 3g,h

also suggested TBHP induced cell death in AFCs and NPCs was si-

milar to RSL3 induced and was suppressed by DFO and Fer‐1. We

can easily find out that DFO weakens the high level of lipid perox-

idation in AFCs and NPCs treated TBHP and RSL3 also induced

uptrend of the lipid peroxidation in AFCs and NPCs by Figures 3d

and 3i. Immunofluorescence experiment illustrated that AFCs and

NPCs exposed to TBHP and Fer‐1 had higher fluorescence intensity

of FTH compared with the cells which only treated TBHP and the

fluorescence intensity of FTH of AFCs and NPCs exposed to RSL3

were lower (Figures 3e and 3j). The results of the LDH release assay

showed that the ratio of cell death in TBHP induced AFCs and NPCs

was decreased when using DFO or Fer‐1 to inhibit ferroptosis;

however, the ratio of cell death was gradually upregulated with the

increased concentration of RSL3 (Figure S1c–f).

3.4 | Ferritinophagy was involved in TBHP‐
induced cell death

It has been shown that autophagic degradation of ferritin accumu-

lates labile iron and promotes ferroptosis (Gao et al., 2016;

F IGURE 1 Ferroptosis was involved in the
process of intervertebral disc degeneration.
We collected normal disc tissue and
degenerated disc tissue for comparison.
Patients' information was collected and
summarized in the supplementary file. (a, b)
The difference in messenger RNA expression
of ferroptosis markers glutathione peroxidase
4 (GPX4) and prostaglandin‐endoperoxide
synthase 2 (PTGS2) in normal and
degenerated intervertebral disc tissues. (c)
Protein expression of PTGS2, GPX4, ferritin
heavy chain (FTH), and β‐actin in normal
group and degeneration group. (d–f) The
relative ratio of protein (PTGS2, GPX4, FTH)
to β‐actin
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F IGURE 2 tert‐Butyl hydroperoxide (TBHP) treatment induced ferroptosis occurred in annulus fibrosus cells (AFCs) and nucleus pulposus
cells (NPCs). AFCs and NPCs were exposed to TBHP at different concentration (0, 50, 100, and 200 μM). (a) Protein expression of ferritin
heavy chain (FTH), prostaglandin‐endoperoxide synthase 2 (PTGS2), glutathione peroxidase 4 (GPX4), acyl‐CoA synthetase 4 (ACSL4), and
GAPDH in AFCs treated TBHP. (b) The difference in GPX4, PTGS2, ACSL4, and FTH expression in AFCs stimulated by different TBHP
concentrations. (c) Lipid peroxidation level of AFCs after treatment with different concentrations of TBHP. (d) Observation of AFCs
morphologic change after treatment with TBHP by a transmission electron microscope (TEM). (e) Protein expression of FTH, PTGS2, GPX4,
ACSL4, and GAPDH in NPCs treated TBHP. (f) The difference in GPX4, PTGS2, ACSL4, and FTH expression in NPCs stimulated by
different TBHP concentrations. (g) Lipid peroxidation level of NPCs after treatment with different concentrations of TBHP. (h) Observation of
NPCs morphologic change after treatment with TBHP by a TEM. ***p < .001, **p < .01, *p < .05 (n = 3)
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Hou et al., 2016). In agreement with this observation, P62, an au-

tophagy marker protein, declined and LC3II, another autophagy

marker protein, increased with the increase of TBHP concentration

(Figures 4a and 4c). The ratio of LC3II/LC3I in AFCs and NPCs was

upregulated with the growing TBHP concentration (Figures 4b and 4d).

Figure S2a,b further demonstrated the change of expression level

of autophagy‐related proteins. It suggested that the autophagy

level was upregulated in AFCs and NPCs exposed to TBHP. We

also used RSL3 to induce ferroptosis of AFCs and NPCs to monitor

changes in autophagy‐related proteins. The results suggested

that the level of autophagy was also increased in AFCs and NPCs

exposed to RSL3 (Figure S1g–k). The expression of NCOA4, a

F IGURE 3 Cell death of annulus fibrosus cells (AFCs) and nucleus pulposus cells (NPCs) induced by tert‐butyl hydroperoxide (TBHP) was
inhibited and was similar to RSL3‐induced AFCs and NPCs ferroptosis. AFCs and NPCs were treated with 100 μM TBHP with or without
the specific inhibitors deferoxamine mesylate (DFO; 10 μM) or ferrostatin‐1 (Fer‐1; 5 μM) or were exposed to RSL3 at different concentration
(0, 10, 15, 20 μM). (a) Western blotting assay of nuclear receptor coactivator 4 (NCOA4), glutathione peroxidase 4 (GPX4), ferritin heavy
chain (FTH), and GAPDH in AFCs. (b,c) The difference in GPX4, NCOA4, and FTH expression in AFCs under different treatments. (d) Lipid
peroxidation level under different treatment conditions of AFCs. (e) Immunofluorescence detection of FTH in AFCs. (f) Western blotting assay
of NCOA4, GPX4, FTH, and GAPDH in NPCs. (g,h) The difference in GPX4, NCOA4, and FTH expression in NPCs under different treatments.
(i) Lipid peroxidation level under different treatment conditions of NPCs. (j) Immunofluorescence detection of FTH in NPCs. ***p < .001,
**p < .01, *p < .05 (n = 3)
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F IGURE 4 tert‐Butyl hydroperoxide (TBHP)‐induced ferroptosis of annulus fibrosus cells (AFCs) and nucleus pulposus cells (NPCs) in an
autophagy‐dependent manner. (a) Protein expression of nuclear receptor coactivator 4 (NCOA4), LC3, P62, and GAPDH in AFCs exposed to
TBHP. (b) The ratio of LC3II/LC3I in AFCs under different concentrations of TBHP. (c) Protein expression of NCOA4, LC3, P62, and GAPDH in
NPCs exposed to TBHP. (d) The ratio of LC3II/LC3I in NPCs under different concentrations of TBHP. (e) Transmission electron microscopy
showed increased autophagosomes of AFCs after TBHP stimulation. (f) Fluorescence images of AFCs transfected with mRFP‐GFP‐LC3
adenovirus. The promotion of Red dot represents that the autophagy was enhanced. (g) Transmission electron microscopy showed increased
autophagosomes of NPCs after TBHP stimulation. (h) Fluorescence images of NPCs infected with mRFP‐GFP‐LC3 adenovirus showed the level
of autophagy promoted after TBHP treatment. (i) AFCs and NPCs were exposed to 100 μM TBHP with or without deferoxamine mesylate
(DFO; 10 μM) or ferrostatin‐1 (Fer‐1; 5 μM) for 3 h. The cell lysates were analyzed for the expression of NCOA4, LC3, P62, GAPDH by western
blotting. (j) AFCs and NPCs were treated with TBHP (100 μM) with or without 3‐methyladenine (3‐MA; 10 μM). Western blotting assay of LC3,
P62, glutathione peroxidase 4 (GPX4), ferritin heavy chain (FTH), and GAPDH in AFCs and NPCs. (k) Co‐immunoprecipitation (Co‐IP) test
analyzed the relationship between FTH and NCOA4
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protein‐mediated ferritinophagy, was also upregulated

(Figures 4a and 4c). TEM results illustrated that increased autophago-

somes in AFCs and NPCs after TBHP treatment compared with normal

cells (Figures 4e and 4g). Fluorescence images of AFCs and NPCs

infected with mRFP‐GFP‐LC3 adenovirus showed that red dot increased

after TBHP treatment and it also demonstrated increased autophagy

(Figures 4f and 4h). The upward level of autophagy and ferritinophagy in

AFCs and NPCs could be reversed, when we used specific ferroptosis

inhibitors, DFO and Fer‐1 (Figures 4i and S2c,d). Western blotting results

indicated that the expression of GPX4 and FTH were increased when we

used 3‐MA to inhibit autophagy in the contrast of cells only treated

TBHP (Figures 4j and S2e,f). From the CO‐IP test, it is obvious that

NCOA4 can be coupled with FTH and transport more ferritin to au-

tophagosomes in the process of IVDD (Figure 4k). Immunofluorescence

was used to detect the expression of LC3 and FTH in AFCs and NPCs

after TBHP. The picture after fusion showed that some green dots and

red dots were in the same position, which indicated that LC3 and FTH

were fused, which further proved the existence of ferritinophagy

(Figure S2g).

3.5 | Silencing of NCOA4 alleviated ferroptosis
but did not affect the activity of autophagy

On account of ferritinophagy was involved in TBHP‐induced cell death

and NCOA4 play an important role in ferritinophagy, we focused on

NCOA4‐mediated ferritinophagy in AFCs and NPCs. To determine the

role of NCOA4 in AFCs and NPCs, AFCs and NPCs were transfected

with control siRNA or NCOA4 siRNA to silence the expression of

NCOA4. As shown in Figures 5a and 5f, the expression of NCOA4 was

knockdown in AFCs and NPCs transfected with NCOA4 siRNA. Trans-

fection of cells was followed by subsequent treatment. As Figures 5a and

5f showed, the silencing of NCOA4 hardly affected the protein level of

FTH, GPX4, P62, and LC3II but increased the protein level of FTH and

GPX4 caused by TBHP. The upregulation trend of autophagy induced by

TBHP was not affected by NCOA4 knockdown in AFCs and NPCs

(Figures 5a and 5f). The ratio of ferroptosis marker proteins to β‐actin
further explained that the silencing of NCOA4 inhibited ferroptosis

(Figures 5b,c and 5g,h). The ratio of autophagy marker proteins to β‐actin
further illustrated that NCOA4 knockdown did not influence the level of

autophagy (Figures 5d,e and 5i,j). Using immunofluorescence to detect

the expression of GPX4 in AFCs and NPCs treated with control siRNA or

NCOA4 siRNA, the results suggested that the fluorescence intensity of

GPX4 increased after TBHP treatment in AFCs and NPCs that had been

previously silenced NCOA4 compared with the downtrend level of TBHP

induced cells previously treated control siRNA (Figures 5k and 5i).

3.6 | Overexpression of NCOA4 aggravated the
ferroptosis but did not affect the level of autophagy

To confirm whether overexpression of NCOA4 can aggravate the

level of ferroptosis in AFCs or NPCs, lenti‐NC or lenti‐NCOA4 were

transfected in AFCs and NPCs before be exposing to TBHP. Western

blotting showed that NCOA4 was upregulated in AFCs and NPCs

transfected with lenti‐NCOA4 compared with Lenti‐NC (Figures 6a

and 6f). As is shown in the picture, overexpression of NCOA4 hardly

affected the protein level of P62 and LC3II but induced the ex-

pression of FTH and GPX4 decreased and the protein level of FTH

and GPX4 caused by TBHP aggravated (Figures 6a and 6f). The up-

regulation trend of autophagy induced by TBHP was not affected by

NCOA4 overexpression in AFCs and NPCs (Figures 6a and 6f). The

ratio of ferroptosis marker proteins to β‐actin further demonstrated

that overexpression of NCOA4 promoted ferroptosis (Figures 5b,c

and 5g,h). The ratio of autophagy marker proteins to β‐actin further

suggested that NCOA4 knockdown did not influence the level of

autophagy (Figures 5d,e and 5i,j). Immunofluorescence results fur-

ther illustrated that the fluorescence intensity of GPX4 decreased

after TBHP treatment in AFCs and NPCs that had been previously

overexpressed NCOA4 compared with the level induced by TBHP of

cells previously treated lenti‐NC (Figures 6k and 6i).

3.7 | Inhibiting ferroptosis slowed the process of
disc degeneration in vivo

To investigate the relationship between ferroptosis and disc degen-

eration in vivo, we established the IVDD model using SD rats ac-

cording to the previous method(D. Xu et al., 2017). Fifteen healthy

male adult rats were divided into three groups randomly: control

group (a skin incision), saline group, and deferoxamine group. After

8 weeks of model operation, the rats were performed the MRI

examination, the results illustrated that the IVD in the model group

had degenerated and the degree of disc degeneration is weakened in

deferoxamine group compared to the saline group (Figure 7a). The

quantification of histological further illustrated that the degree of

disc degeneration in the deferoxamine group was less than the saline

group (Figure S2h,i). S‐O staining and HE staining also showed that

the structure of IVD degenerated in the saline group and deferox-

amine group and the degree of disc degeneration in the deferox-

amine group was lighter than that in the saline group (Figure 7b).

Immunohistochemistry showed that the expression of GPX4 and

FTH decreased in the saline group compared with the control group

and the two proteins level was increased in the deferoxamine group

in the contrast of the saline group (Figure 7c,d). Through quantitative

analysis of immunohistochemical results, we can also find that the

expression of GPX4 and FTH in the saline group was the lowest

among the three groups (Figure 7e,f).

4 | DISCUSSION

In this study, we illustrate the potential involvement of ferroptosis,

induced by oxidative stress and associated with NCOA4‐mediated

ferritinophagy, in IVDD pathogenesis. Comparison of normal IVD

tissue and degenerated IVD tissue, the ferroptosis's marker proteins
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GPX4, FTH expression level significantly declined and PTGS2, ACSL4

increased. Our experiments in AFCs and NPCs using Fer‐1, DFO, and

RSL3 demonstrate the participation of ferroptosis in TBHP‐induced
cell death. Interestingly, we found that autophagy‐related proteins

changed and monitored enhanced autophagic flux when cells ex-

posed to TBHP. To investigate the relationship between autophagy

and ferroptosis that happened in AFCs and NPCs, treatment with 3‐
MA, the antagonist of autophagy, in IVD cells confirmed that fer-

roptosis induced by TBHP happened in an autophagy‐dependent

manner. NCOA4 is a selective cargo receptor that can transfer fer-

ritin to the autophagosomes and initiate ferritinophagy which

mediated the release of free iron linked to lipid peroxidative during

oxidative stress (Kang, Kroemer, & Tang, 2019). NCOA4 knockdown

attenuated lipid peroxidation and ferroptosis in response to TBHP

stimulation in AFCs and NPCs. However, overexpressing NCOA4

results in the opposite. It further explained a connection between

ferritinophagy and TBHP induced AFCs and NPCs ferroptosis. Then

we did a Co‐IP test and found that increased ferritin bound by

F IGURE 5 Silencing of nuclear receptor coactivator 4 (NCOA4) inhibited ferroptosis induced by tert‐butyl hydroperoxide (TBHP) in annulus
fibrosus cells (AFCs) and nucleus pulposus cells (NPCs). AFCs and NPCs infected control small interfering RNA (siRNA) or NCOA4 siRNA
were exposed to 100 μM TBHP for 3 h. (a) Protein expression of NCOA4, LC3, P62, glutathione peroxidase 4 (GPX4), ferritin heavy chain (FTH),
β‐actin of AFCs treated TBHP. (b–e) The ratio of protein (FTH, GPX4, LC3II, P62) of β‐actin in AFCs. (f) Protein expression of NCOA4, LC3,
P62, GPX4, FTH, β‐actin of NPCs treated TBHP. (g–j) The ratio of protein (FTH, GPX4, LC3II, P62) of β‐actin in NPCs. (k,l) Immunofluorescence
detection of protein expression of GPX4 in AFCs and NPCs. ***p < .001, **p < .01, *p < .05 (n = 3)
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NCOA4 when the TBHP‐stimulated group compared with the normal

group. It further confirmed that NCOA4 transports more ferritin to

autophagosomes when oxidative stress occurs in IVD cells and

subsequently generate more free iron to cause ferroptosis. From the

perspective of animal models, the degree of surgical segment IVDD

in the deferoxamine group is reduced in contrast to the saline group.

This illustrated ferroptosis involved in the pathogenesis of IVDD in

vivo models.

RCD, including necroptosis and apoptosis, in IVD cells, has been

illustrated to play a crucial role in IVDD pathogenesis. Apoptosis

occurred in NPCs was demonstrated in degenerative discs is con-

nected with tissue degeneration and inflammation (Cheng et al.,

2018). Necroptosis involved in APCs and NPCs and enhanced the

expression levels of its marker protein RIP3 were illustrated in de-

generative disc tissue (Cai et al., 2018). As one of the research

hotspots in recent years, ferroptosis, a morphologically different

F IGURE 6 Overexpression of nuclear receptor coactivator 4 (NCOA4) promoted ferroptosis induced by tert‐butyl hydroperoxide (TBHP) in
annulus fibrosus cells (AFCs) and nucleus pulposus cells (NPCs). AFCs and NPCs transfected lenti‐NC or lenti‐NCOA4 were exposed to
100 μM TBHP for 3 h. (a) Protein expression of NCOA4, LC3, P62, glutathione peroxidase 4 (GPX4), ferritin heavy chain (FTH), β‐actin of AFCs.
(b–e) The ratio of protein (FTH, GPX4, LC3II, P62) of β‐actin in AFCs. (f) Protein expression of NCOA4, LC3, P62, GPX4, FTH, β‐actin
of NPCs. (g–j) The ratio of protein (FTH, GPX4, LC3II, P62) of β‐actin in NPCs. (k,l) Immunofluorescence detection of protein expression of
GPX4 in AFCs and NPCs. ***p < .001, **p < .01, *p < .05 (n = 3)
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from other forms of RCD, has been intensely reported in both de-

generative disease and cancer (Conrad & Pratt, 2019). However, this

emerging RCD has not been studied in IVDD. Our in vitro and in vivo

experiments have shown that ferroptosis is involved in the patho-

genesis of IVDD (Figure 8).

Autophagy, a catabolic process, can maintain cell viability and

homeostasis by degrading intracellular substrates in lysosomes in

response to hypoxia, oxidative stress, and nutrient stress (Jiang,

Overholtzer, & Thompson, 2015). Autophagy participates in IVDD

pathogenesis have been reported in terms of inflammatory stimula-

tion and apoptosis (J. Wang et al., 2019; Yi et al., 2019). In recent

years, ferritinophagy is considered to be a novel selective autophagic

degradation of ferritin, which is mediated by the specific adaptor

protein NCOA4 (Mancias et al., 2015, 2014). In vivo experiments, we

found that the expression of FTH decreased and NCOA4 increased.

Lenti‐NCOA4 mediated overexpression and siNCOA4‐mediated

F IGURE 7 Ferroptosis occurred during the process of intervertebral disc degeneration (IVDD) and suppressing ferroptosis reduced the
degree of disc degeneration. (a) T2‐weighted magnetic resonance imaging of IVDD models from each group at 8 weeks after molding. (b)
Representative safranin O‐fast green staining and hematoxylin‐eosin staining of disc samples. (c,d) Immunohistochemical staining for ferritin
heavy chain (FTH) and glutathione peroxidase 4 (GPX4) expression in the disc samples. (e,f) The expression of FTH and GPX4 in these three
groups. **p < .01, *p < .05 (n = 3)
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knockdown experiments elucidated the role of NCOA4 in ferritin

degradation, and CO‐IP test further illustrated ferritin and NCOA4

mutually combined, explaining the special role of NCOA4 mediated

ferritinophagy in the degradation of ferritin during TBHP stimulation.

In summary, our results support the possible role of

ferritinophagy‐mediated ferritin degradation and subsequently lipid

peroxidation in the pathogenesis of IVDD. Enhancement level of

autophagy and increased NCOA4‐regulated ferritinophagy when

TBHP exposure perhaps at least partly clarifies the destruction of

iron homeostasis in degenerative disc tissue. We believe that our

findings provide important clues for the development of new IVDD

treatment methods by inhibiting ferroptosis.
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