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ABSTRACT

Backgroud: Iron overload is a prevalent condition in the elderly, often associated with various degenerative
diseases, including intervertebral disc degeneration (IDD). Nevertheless, the mechanisms responsible for iron ion
accumulation in tissues and the mechanism that regulate iron homeostasis remain unclear. Transferrin receptor-1
(TFR1) serves as the primary cellular iron gate, playing a pivotal role in controlling intracellular iron levels,
however its involvement in IDD pathogenesis and the underlying mechanism remains obscure.

Methods: Firstly, IDD mice model was established to determine the iron metabolism associated proteins changes
during IDD progression. Then CEP chondrocytes were isolated and treated with TBHP or pro-inflammatory cy-
tokines to mimic pathological environment, western blotting, immunofluorescence assay and tissue staining were
employed to explore the underlying mechanisms. Lastly, TfR1 siRNA and Feristatin II were employed and the
degeneration of IDD was examined using micro-CT and immunohistochemical analysis.

Results: We found that the IDD pathological environment, characterized by oxidative stress and pro-inflammatory
cytokines, could enhance iron influx by upregulating TFR1 expression in a HIF-2a dependent manner. Excessive
iron accumulation not only induces chondrocytes ferroptosis and exacerbates oxidative stress, but also triggers
the innate immune response mediated by c-GAS/STING, by promoting mitochondrial damage and the release of
mtDNA. The inhibition of STING through siRNA or the reduction of mtDNA replication using ethidium bromide
alleviated the degeneration of CEP chondrocytes induced by iron overload.

Conclusion: Our study systemically explored the role of TFR1 mediated iron homeostasis in IDD and its under-
lying mechanisms, implying that targeting TFR1 to maintain balanced iron homeostasis could offer a promising
therapeutic approach for IDD management.

The translational potential of this article: Our study demonstrated the close link between iron metabolism
dysfunction and IDD, indicated that targeting TfR1 may be a novel therapeutic strategy for IDD.

1. Introduction

pain relief medications being the primary options [1]. Consequently,
further research is essential to elucidate the underlying mechanisms of

Intervertebral disc degeneration (IDD) is a leading cause of lower
back pain (LBP) and associated with lumbar disorders, making a sub-
stantial contribution to human disability and global health burdens. To
date, effective treatment strategies for IDD are lacking, with surgery and

IDD development and progression, and identify new treatment targets.
IDD has a complex etiology, arising from the interplay of various risk
factors, including aging, osteoporosis, mechanical stress, inflammation,
and metabolic abnormalities [2]. Nonetheless, the specific
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pathophysiological factors that lead to IDD remain incompletely un-
derstood. Notably, individuals afflicted with iron overload conditions,
such as thalassemia, sickle cell anemia, and hemochromatosis demon-
strate an elevated incidence of intervertebral disc degeneration [3-6].
Previous research conducted by our team has revealed that iron over-
load constitutes a significant risk factor for IDD. Iron overload may
promote IDD by inducing oxidative stress and ferroptosis in cartilage
endplate chondrocytes [7]. Nevertheless, the regulatory mechanism
governing iron homeostasis remain largely unknown.

Iron, a prominent trace element within the human body, plays a
central role in orchestrating a multitude of physiological and biological
processes. However, an excess of iron catalyzes the generation of reac-
tive oxygen species (ROS), initiating structural and functional impair-
ment in mitochondria, oxidative stress, lipid peroxidation, and DNA
damage. This cascade ultimately leads to ferroptosis [8]. Therefore, iron
homeostasis is precisely regulated. Cellular iron homeostasis is mainly
regulated by regulating iron influx [9]. The Fe3* in the blood forms a
complex with transferrin receptor-1 (TfR1), facilitating its cellular
internalization into the cell body. TfR1, ubiquitously expressed in
various tissues and organs, assumes a pivotal role in mediating intra-
cellular iron influx and preserving cellular iron homeostasis [10]. Recent
studies have highlighted increased TfR1 expression in iron overload
conditions like thalassemia, suggesting its role in cellular iron overload
and ferroptosis [11]. Elevated TfR1 expression is associated with
increased cellular iron levels, Thereby TfR1 is considered an important
target for the treatment of central nervous system diseases and tumors
[12]. Previous research has shown the upregulation of TfR1 in ferrop-
tosis sensitive cells and the subsequent reduction of ferroptosis through
TfR1 downregulation using shRNA [13]. Furthermore, recent studies
have also demonstrated that silencing TfR1 can enhance the mitophagy
process, suppressing the excessive production of ROS and lipid peroxi-
dation induced by iron overload [14]. These findings suggest that TfR1
not only regulates cellular iron homeostasis and ferroptosis, but also
plays a role in a network of interconnected feedback loops. Conse-
quently, TfR1 emerges as a potential target for addressing imbalances in
iron metabolism and associated disorders. Regrettably, the role of TfR1
in the context of IDD development remains unexplored.

The intervertebral disc, the body’s largest avascular structure in the
human body, consists of three distinct components: the central gelati-
nous nucleus pulposus (NP), the outer annulus fibrosus (AF), and the
cartilage endplate (CEP) [15]. The CEP anchors both ends of the
vertebral body, CEP chondritis and calcification significantly hinder the
oxygen and nutrient supply to the intervertebral disc, initiating and
exacerbating IDD [16]. Our previous research has demonstrated that
iron overload plays a central role in the progression of IDD by inducing
CEP degeneration and calcification, consequently driving IDD. Notably,
inhibiting iron overload or ferroptosis could inhibit the IDD progression
[7,17]. Furthermore, with aging, the CEP’s degeneration intensifies,
resulting in a progressively hypoxic microenvironment [18]. Hypoxia, in
turn, affects cellular iron metabolism, leading to increased iron flux
[19]. It is theorized that heightened iron uptake may enhance mito-
chondrial energy metabolism and is essential for cell survival in hypoxic
environments [20], neverthless, the comprehensive regulatory frame-
work governing cellular iron metabolism in hypoxic settings remains
partially elucidated.

In this study, we analyzed the expression pattern of TfR1 in CEP
chondrocytes, and explored its role in IDD pathogenesis. Furthermore,
we investigated the underlying mechanism of TfR1 mediated iron
overload in cartilage endplate osteochondritis and calcification. Addi-
tionally, we aimed to investigate the regulatory mechanism of TfR1
expression and determined whether HIF-2a is involved in CEP chon-
drocytes TfR1 expression and iron metabolism regulation.
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2. Materials and methods
2.1. Reagents

The following reagents were used: Tert-butyl hydroperoxide (TBHP,
#416665, Sigma—Aldrich, USA), Recombinant Mouse TNF-alpha (TNF-
o, 410-MT-010, R&D, USA), Ferristain II (#C1144, Sigma-Aldrich,
USA), Ferric ammonium citrate (FAC, #F5879, Sigma-Aldrich, USA),
Ethidium bromide (EthBr, #S3689, Selleck, USA).

2.2. Cell isolation and culture

Cartilage endplate ( CEP ) chondrocytes were isolated from the
endplates of 1-week-old C57BL/6J male mice and subsequently cultured
for 1 or 2 passages following established protocols. To begin, the mice
were humanely euthanized via cervical dislocation and subjected to
aseptic sterilization through immersion in 75% ethyl alcohol for 20 min.
Subsequently, under microscopic guidance (Leica, Germany), the para-
vertebral muscle and ligament were meticulously removed, and the
cartilage endplates were dissected. These dissected samples were sub-
jected to a sequential enzymatic digestion process, involving exposure to
0.25% EDTA trypsin (Gibco, USA) for 30 min and 0.25% solution of type
II collagenase (Sigma-Aldrich, USA) for 6h at 37 °C. Following flushing
and centrifuging with phosphate-buffered saline (PBS, Gibco, USA), the
primary CEP chondrocytes were resuspended and cultured in Dulbecco’s
modified Eagle medium/Ham’s F-12 (DMEM/F12, Gibco, USA) sup-
plemented with 10% fetal bovine serum (FBS, Gibco, USA) and 1%
penicillin-streptomycin (P/S, Gibco, USA) at 37 °C under 5% CO2. After
24h, the medium was changed and the adherent cells were passaged
once they attained 80-90% confluence.

2.3. Western blot analysis

CEP chondrocytes were seeded into 6-well plates at a density of 5 x
10° cells/well. Subsequent protein extraction was carried out using RIPA
lysis buffer (#CW2333, CWBIO, Beijing, China) supplemented with 1%
proteinase inhibitor cocktail (#¥HY-K0010, MCE, USA) and 1% phos-
phatase inhibitor cocktail (#CW2383, CWBIO, Beijing, China) after CEP
chondrocytes were washed by ice-cold PBS for 3 times as previously
reported. Briefly, the extract was transferred to a centrifuge tube for 30
min of lysing on ice and then centrifuged at 12000r/min and for 15 min
at 4 °C. The resulting supernatant was collected for quantification of
protein concentration using a BCA assay kit (#PC0020, Solarbio, Bei-
jing, China). Post denaturation through heating at 100 °C for 10 min in
loading buffer (#P0015L, Beyotime, Shanghai, China) denaturation,
equal quality of proteins (25 pg) were loaded onto 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred
to 0.2 pm methanol-activated PVDF membrane (#ISEQ00010, Milli-
pore, USA. Following 1h of incubation with 5% skim milk diluted in tris-
buffered saline Tween 20 ( TBST ) at room temperature, the membranes
were probed with appropriate primary antibodies overnight at 4 °C.
Subsequently, after another 1h of incubation with HRP Conjugated Goat
Anti-rabbit/mouse secondary antibodies (#BA1056, Boster, Wuhan,
China, dilution 1:5000) at room temperature, protein bands were visu-
alized using Immobilon Western HRP substrate Kit (#WBKLS0100 ,
Millipore, USA) and analyzed with BandScan scanner (Millipore, USA).
Band density was quantified using image J version 2.90 and GAPDH was
served as internal control to normalize the results. The primary anti-
bodies used were as follows: TfR1 (#ab84036, Abcam, dilution 1:1000),
HIF-2a(#BM3997, Boster, dilution 1:1000), IRF3(#4302, Cell Signaling
Technology, dilution 1:1000), p-IRF3(Ser396, #29047, Cell Signaling
Technology, dilution 1:1000), BNIP3(#3769S, Cell Signaling Technol-
ogy, dilution 1:1000), GPX4 (#ab125066, Abcam, dilution 1:5000),
SLC7A11 (#26864-1-AP, Proteintech, dilution 1:1000), cGAS (#A8335,
ABclonal, dilution 1:1000), STING (#19851-1-AP, Proteintech, dilution
1:1000), DRP1 (#12957-1-AP, Proteintech, dilution 1:1000), MFF
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(#17090-1-AP, Proteintech, dilution 1:1000), FIS1(#10956-1-AP, Pro-
teintech, dilution 1:1000), MMP3(#BM4074, Boster, dilution 1:1000),
MMP13(#18165-1-AP, Proteintech, dilution 1:1000), COL2 (#28459-1-
AP, Proteintech, dilution 1:1000), SOX9 (#A00177-2, Boster, dilution
1:1000), COL10 (#BA2023, Boster, dilution 1:1000), RUNX2 (#PB0171,
Boster, dilution 1:1000), GAPDH (#10491-1-AP, Proteintech, dilution
1:5000).

2.4. Immunofluorescence analysis

First, CEP chondrocytes were seeded in Circle Microsope Cover
Glasses at a density of 1 x 10*/well. Subsequent to aspirating the culture
medium., the treated cells underwent fixation using 4% para-
formaldehyde (#G1101, Servicebio, Wuhan, China) for 30 min at room
temperature. Following fixation, the cells were subjected to per-
meabilization utilizing 0.1% Triton X-100 (#T8200, Solarbio, Beijing,
China) for 10 min and then blocked with PBS containing 5% bovine
serum albumin (BSA, #BS114, Biosharp, Beijing, China) for 1 h at 37 °C.
Thereafter, the cells were incubated with primary antibodies at 4 °C
overnight, followed by treatment with Cy3-conjugated goat anti-rabbit
secondary antibody (#A0516, Beyotime, Shanghai, China, dilution
1:500) in the darkness at room temperature for 1 h. Finally, nuclei were
counterstained with 4,6-diamidino-2-phenylindole (DAPI, #CO0065 ,
Solarbio, Beijing, China) for 10 min. Notably, the cells need rinse thrice
with PBS for 5 min each before fixation, permeabilization, blocking,
incubation with primary and secondary antibody procedure. Fluores-
cence microscope (Olympus, Japan) was used to analyze the fluores-
cence intensity of COL2 (#28459-1-AP, Proteintech, dilution 1:500),
GPX4 (#67763-1-1g, Proteintech, dilution 1:200), DRP1 (#12957-1-AP,
Proteintech, dilution 1:500) and FIS1(#10956-1-AP, Proteintech, dilu-
tion 1:500).

2.5. Mito-tracker red co-localization staining with LC3B/BNIP3/DRP1/
FIS1

Before the same procedures of fixation, permeabilization, blocking
and nuclei staining conducted as previously described, the treated live
CEP chondrocytes were marked with MitoTracker™ Red CMXRos
probes (#M7512, ThermoFisher, USA, dilution 1:5000) in the dark at
37 °C for 20 min. Following incubation with primary antibodies against
BNIP3(#3769S, Cell Signaling Technology, dilution 1:200), LC3B
(#ab192890, abcam, dilution 1:200), BNIP3(#3769S, Cell Signaling
Technology, dilution 1:300) and FIS1(#10956-1-AP, Proteintech, dilu-
tion 1:300) at 4 °C overnight, the cells were then treated with FITC-
conjugated goat anti-rabbit secondary antibody (#A0562, Beyotime,
Shanghai, China 1:500) in the dark at 37 °C for 1.5 h. The co-
localizations of BNIP3, LC3B, DRP1, FIS1 and mitochondria were
imaged with a positive fluorescence microscope (BX6; Olympus, Japan),
respectively.

2.6. Intracellular reactive oxygen species ( ROS ) assay

For the assessment of intracellular ROS level, the fluorescent probe,
dichloro-dihydro-fluorescein diacetate (DCFH-DA, #S0033, Beyotime,
Shanghai, China), was employed, following the manufacturer’s in-
struction. Briefly, after incubation with the DCFH-DA probe mixture
(10uM) in serum-free DMEM/F12 medium for 20 min in the dark and
changing serum-free medium, images were acquired under an inverted
fluorescence microscopy (Axio Observer Al; Carl Zeiss, Germany).

To facilitate a quantitative assessment of ROS level in vitro, flow
cytometry (FCM) was subsequently employed. In alignment with the
aforementioned protocol for the ROS assay kit, CEP chondrocytes were
collected to calculate the mean fluorescence intensity, using an
LSRFortessa FCM (BD Biosciences, Franklin Lakes, NJ , USA).
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2.7. Mitochondrial membrane potential (MMP, AVM)

AWM changes were evaluated via mitochondrial membrane poten-
tial kit (#C2006, Beyotime, Shanghai, China). 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 for 3 times.
Multimeric JC-1 with high red fluorescence shifts to monomeric JC-1
with high green fluorescence, suggesting the loss of AWM. The AWM
changes were captured by an inverted fluorescence microscope (Axio
Observer Al; Carl Zeiss, Germany).

2.8. Mitochondrial specific fluorescence staining

Mito-tracker staining was performed to visualize mitochondria, in
accordance with the protocol of the Mito-tracker Green assay kit
(#C1048 , Beyotime, Shanghai, China). Mitochondrial morphology was
observed using an inverted fluorescence microscopy (Axio Observer Al;
Carl Zeiss, Germany).

2.9. PicoGreen and mito-tracker red co-staining

For mtDNA staining, the CEP chondrocytes were stained with
MitoTracker™ Red CMXRos probes (#M7512, ThermoFisher, USA,
dilution 1:5000) for 20 min, followed 20 min of incubation in PicoGreen
dsDNA Quantitation Reagent (#12641 ES, Yeasen, Shanghai, China,
dilution 1:500) at 37 °C after washed with PBS. Then, the microsope
cover glasses were observed and imaged using a confocal fluorescence
microscope (TCS SP8; Leica Microsystems, Biberach, Germany).

2.10. Measurement of labile iron levels

The intracellular pool of iron ions can be monitored by the quenching
of fluorescence of Phen Green™ FL (#P6763, ThermoFisher, USA). The
emission intensity of the Phen Green FL indicator is contigent on the
concentration of iron ions. Briefly, after loading with Phen Green™ FL
(0.5uM) for 30 min at 37 °C, the fluorescence intensity was observed
under an inverted fluorescence microscopy (Axio Observer Al; Carl
Zeiss, Germany). This was conducted every 5min-10min over 6 intervals
during an incubation period with 100uM ferric ammonium citrate.

For further investigation of intracellular Fe?* levels, the treated CEP
chondrocytes were washed 3 times in serum-free medium and perfused
with 1uM FerroOrange (#F374, Dojindo, Kumamoto, Japan) for 30 min
at 37 °C. After that, images were immediately obtained with an inverted
fluorescence microscopy (Axio Observer Al; Carl Zeiss, Germany).

2.11. Animal grouping and treatment

A total of 24 male C57BL/6 mice (8 weeks old) were randomly
assigned to 3 groups (n = 8 per group): control group, IDD group and
IDD + Ferristain II group (10 mg/kg/2d). The surgically-induced IDD
model was established as detailed in prior protocols [21]. In brief, after
obtaining the mice’s weights and administering anesthesia, the surgical
procedure involved exposing the L4/5 level, which was confirmed by
counting the lumbar vertebrae in a preliminary radiograph. Subse-
quently, bilateral facet joints at the L4/5 level, supra- and interspinous
ligaments were transected. Mice in IDD group were administered an
equal amount of saline intraperitoneally every other day for 12 weeks
until euthanasia.

In a subsequent animal experiment, 18 male C57BL/6 mice (8 weeks
old) were utilized. These mice were sacrificed at intervals of 1, 2 and 3
months (n = 6 per group) following the identical IDD procedure.
Additionally, in the third animal experiment, a group of mice aged 1,3,6
and 16 months (n = 6 per group) respectively, without undergoing
surgery, were sacrificed. Corresponding spinal tissues were harvested
for micro-CT and immunohistochemistry assessment. All animal exper-
iments were approved by the Animal Care Committee of Shandong
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Provincial Hospital affiliated to Shandong First Medical University.
2.12. Micro-CT analysis

The excised spine specimens, devoid of muscles, were fixed in 4%
paraformaldehyde (PFA) for 24 h. To assess alterations in the micro-
architecture of the surgically modeled segment, micro-CT (Scanco Viva-
CT80, Scanco Medical AG, Basserdorf, Switzerland) was then used to
determine morphometric indices, such as intervertebral disc height and
percent bone volume (BV/TV), from the volume of interest (VOI), with
the resolution of 11.6 pm, 70 kVp, and 114 pA. And the three-
dimensional (3D) images of the CEP were collected by built-in software.

2.13. Histology and immunohistochemical assay

Lumbar tissues were subsequently decalcified (EDTA buffer, 0.5M,
pH7.2), embedded, sectioned and stained with hematoxylin-eosin
(H&E), performed to observe the morphology of cartilage and sub-
chondral bone, as previously mentioned [7]. The severity of IDD was
evaluated by lumbar intervertebral disc degeneration assessment
scoring system.

For immunohistochemistry (IHC) staining, as previously described,
after deparaffinization, rehydration,blocking, and antigen retrieval, the
sections (4 pm, coronal plane) were then incubated with primary anti-
bodies against COL2 (#GB11021, Servicebio, dilution 1:400), MMP3
(#BM4074, Boster, dilution 1:500), STING (#19851-1-AP, Proteintech,
dilution 1:50), TfR1 (#ab84036, Abcam, dilution 1:50) and HIF-2a
(#GB11864, Servicebio, dilution 1:100) overnight at 4 °C. Next, the
sections were stained with the HRP-conjugated secondary antibody
(#GB23303, Servicebio, dilution 1:200) for 30 min at room temperature
followed colored with DAB and counterstained with hematoxylin. Im-
mune positive staining of 5 CEP fields randomly selected was quanti-
tatively analyzed using Image Pro Plus software.

2.14. siRNA transfection

To induce the knockdown of HIF-2a, STING and TfR1 in mice CEP
chondrocytes, transfection procedures were carried out utilizing specific
siRNAs. The siRNA employed were HIF-2a-siRNA (siHIF-2a), STING-
siRNA (siSTING) and TfR1-siRNA (siTFR1). These transfections were
performed using the riboFECTTMCP kit (Ribo Bio, Ribobio Co. Ltd.,
Guangzhou, China). The CEP chondrocytes were transitorily transfected
with 100 nM of each siRNA for 48h according to the manufacturer’s
instructions. After transfection, silence efficiency was verified by west-
ern blot and the most effective siHIF-2aand siTfR1 were screened for
subsequent analysis.

2.15. Induction of osteogenic differentiation and alizarin red staining

CEP chondrocytes were seeded in 12-well plates at a density of 1 x
10° cells/ml and the a-MEM medium containing 10% FBS, 1% P/S, 1% 1-
glutamine,10-7M dexamethasone, 10 mM p-glycerophosphate and
50ug/ml ascorbic acid, were added when the cell density reached 70%
confluence. After induction for 3 weeks , mineralized nodules in vitro
were fixed with 4% paraformaldehyde for 30 min and stained with
alizarin red (#G1038, Servicebio, Wuhan, China) for 15 min. Then the
degree of mineralization was quantitatively assessed by spectropho-
tometry. Specially, the red dye was dissolved by 10% (wt/vol) cetyl-
pyridinium chloride (Sigma-Aldrich, St. Louis, MO) and calculated
optical density at 570 nm.

2.16. Evaluation of apoptosis by annexin V-FITC/PI staining
The treated adherent CEP chondrocytes were collected and stained

with annexin V-FITC/PI (MA0220, Meilunbio, Dalian, China) for 20 min
at room temperature in the dark and then detected by BD LSRFortessa
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flow cytometer (BD Biosciences, Franklin Lakes, NJ, USA). The
apoptotic cells labeled with annexin V+/PI- and V+/PI+ were screened
respectively.

2.17. Statistical analysis

The data are presented as the mean + standard deviation (SD). The
figure legends provide information regarding the number of experi-
mental replicates and the level of significance. GraphPad Prism software
version 8.0 was employed for both generating graphical representations
and conducting statistical analyses. For comparisons between two
groups, Student’s t-test was utilized. In scenarios involving multiple
groups, one-way analysis of variance (ANOVA) was applied to ascertain
significant differences. The P value was indicated by stars: n. s. no sig-
nificance, *P < 0.05, **P < 0.01, ***P < 0.001.

3. Results

1. IDD pathogenic environment disrupted iron homeostasis and pro-
moted iron influx via promoting TfR1 expression

To unravel the potential relationship between the expression of TfR1
and IDD pathogenesis, we started with an exploration of TfR1 expression
in two distinct IDD models. Given that aging is the primary trigger for
IDD, we first examined the expression pattern of TfR1 in aging mice. As
shown in Fig. 1A and B, the TfR1 positive chondrocytes in the CEP
increased with aging, with the highest propotion observed in 16-month-
old mice. To better understand the complex mechanisms involved in
IDD, we then investigated the role of mechanical stress, a significant
independent risk factor. To simulate the consequences of unbalanced
mechanical loading, we executed Lumbar Spine Instability (LSI) surgery
on 1-month-old male mice, thereby inducing the IDD model. As shown
in Fig. 1C and D, the CEP undergoes degeneration and ossification at 1
month after surgery characterized by the presence of substantial bone
tissue and vacated chondrocyte lacuna. Strikingly, immunostaining
analysis showed that the number of cells positive for TfR1 significantly
increased in degenerated CEP after 1 and 2 months after LSI surgery
compared to the control group. Intrigued by these findings, we sought to
ascertain the impact of IDD related environmental factors on TfR1
expression. Therefore, we exposed isolated CEP chondrocytes to condi-
tions replicating the pathogenic environment of IDD through TBHP and
TNF-a treatment. As shown in Fig. 1E and I, the protein expression of
TfR1 was upregulated in CEP chondrocytes by the TBHP and TNF-a
treatment. Complementary immunofluorescence staining substantiated
this augmented TfR1 expression in chondrocytes treated with TBHP
(Fig. 1F). Along with the elevated protein expression of TfR1, the iron
influx increased after TBHP and TNF-uo treatment, as indicated with
significant higher ferrous ions in CEP chondrocytes of TBHP and TNF-«
treatment group (Fig. 1G and J). Ferroptosis is a newly identified iron
dependent programmed cell death. Elevated cellular ferrous ions con-
tent would increase the sensitivity to ferroptosis. Our results also
showed that TBHP promoted CEP chondrocytes ferroptosis with
decreased ferroptosis markers, GPX4 and SLC7A11 when TBHP con-
centration reached over 10 pM (Fig. 1H). In conclusion, these results
suggest a positive correlation between TfR1 expression and IDD pro-
gression. IDD pathogenic environment could disrupt iron homeostasis
and promote iron influx via regulating TfR1 expression.

2. TfR1 knockdown restored oxidative stress and TNF-a induced CEP
degeneration

To further determine the role of TfR1 in CEP degeneration, TfR1
siRNA was synthesized and transfected into CEP chondrocytes, and CEP
chondrocytes were treated with TBHP and TNF-a to induce chon-
drocytes extracellular matrix (ECM) degradation and osteogenic differ-
entiation. As shown in Fig. 2A, compared with TBHP and TNF-o
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Fig. 1. IDD pathogenic environment disrupted iron homeostasis and promoted iron influx via promoting TfR1 expression. A Representative images of IHC of TfR1 in
CEP from 1-month aged, 3-month aged, 6-month-aged and 16-month-aged mice. B Quantitative analysis of TfR1-positive chondrocytes as a proportion of the total
chondrocytes. C Representative images of IHC of TfR1 in CEP from mice after Imonth, 2 months and 3 months after LSI surgery (n = 5, scale bar = 50 pm). D
Quantitative analysis of TfR1-positive chondrocytes as a proportion of the total chondrocytes. E Representative western blotting images of TfR1 and semi-quantitative
analysis of band density in TBHP treated CEP chondrocytes. F Representative immunofluorescence images of TfR1 in CEP chondrocytes treated with TBHP and TNF-
o. G Representative images of ferrous ions in CEP chondrocytes after TBHP treatment for 60 min. Iron influx was quantified and recorded at 5-10-20-30-40-60 min. H
Representative western blotting images of GPX4, SLC7A11 and semi-quantitative analysis of band density in TBHP treated CEP chondrocytes. I Representative
western blotting images of TfR1 and semi-quantitative analysis of band density in TNF-u treated CEP chondrocytes. J Representative images of ferrous ions in CEP
chondrocytes after TNF-a treatment for 60 min. Iron influx was quantified and recorded at 5-10-20-30-40-60 min. Data are shown as the mean + SD of at least three
i‘ndependent experiments. The P value is indicated by stars: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001.
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treatment group, knockdown of TfR1 significantly reversed the inhibi-
tion of type II collagen synthesis, as shown by increased red fluorescence
intensity. The western blot results showed that TfR1 knockdown also
promoted the SOX9 proteins expression, inhibited the ECM degradation
enzymes, MMP3 and MMP13 expression (Fig. 2B-C, J-K). Given the
established association between oxidative stress and CEP chondrocyte
osteogenic differentiation, we proceeded to explore whether TfR1
knockdown could potentially counteract TBHP induced osteogenic dif-
ferentiation and calcification. As shown in Fig. 2D-G, TfR1 siRNA
transfection significantly inhibited TBHP induced COL10 and RUNX2
expression. The alizarin red staining results also showed that TfR1
siRNA transfection inhibited the calcium nodules formation. Lastly, we
investigated whether TfR1 knockdown could inhibited oxidative stress
induced apoptosis. As shown in Fig. 2H-I, Annexin V-FITC/PI flow
cytometric analysis showed that the oxidative stress-induced early
apoptosis, late apoptosis and necrosis in chondrocytes significantly
decreased after TfR1 knockdown. These findings suggest that TfR1
contributes to CEP degeneration and calcification, and TfR1 knockdown
could restore oxidative stress and TNF-o induced CEP degeneration.

3. TfR1 inhibitor ameliorated CEP calcification and IDD development

Based on above findings, we applied Ferstatin II to further illustrate
the therapeutic effects of targeting TfR1 on IDD progression. Ferstatin II,
a novel and selective TfR1 inhibitor that can substantially suppress TfR1
activity [22]. Mice were intraperitoneal injected with Fer-II once a week
after lumbar spine instability (LSI) surgery. The IHC results exhibited
less TfR1 positive chondrocytes in CEP of LSI mice injected with Fer-II
compared with LSI mice, indicating Fer-II successfully inhibited TfR1
expression in vivo (Fig. 3C). The HE results showed that Fer-II admin-
istration significantly inhibited IDD progression with lower histological
score of discs. Compared to IDD group, the nucleus pulposus of mice in
Fer-II group contained abundant notochordal cells surrounded by large
zones of extracellular matrix, and the cartilage endplates were hyaline
cartilages composed of chondrocytes (Fig. 3A and B). Consistently,
increased protein levels of MMP3 (Fig. 3D) and reduced expression of
COL2 (Fig. 3E) in cartilage of IDD mice, were greatly repressed by Fer-II
treatment. In addition, the CEP calcification was examined by micro-CT
analysis. As shown in Fig. 3F and G, Fer-II administration significantly
inhibited the CEP calcification with decreased bone mineral density of
CEP. Together, these data demonstrates that the administration of Fer-II
could attenuate IDD development and CEP calcification by inhibiting
TfR1.

4. TfR1 mediated iron influx contributes to CEP chondrocytes mito-
chondrial destruction and ferroptosis

Given that our previous finding that iron overload could lead to CEP
chondrocytes oxidative stress and ferroptosis, and the essential role of
mitochondrial in ferroptosis and IDD [23], we further explored the
functional role of TfR1 in mitochondria function and ferroptosis. Firstly,
the iron influx was examined after TfR1 knockdown. As shown in
Fig. 4A, TfR1 knockdown significantly reduced iron influx and lowered
the concentration of cellular ferrous ions. Healthy chondrocytes typi-
cally display a wire-like shape. However, when treated with TBHP, the
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normal morphology of mitochondria is disrupted, resulting in a signif-
icant increase in the number of shortened or granulated mitochondria.
TfR1 knockdown was able to restore the normal mitochondrial
morphology of chondrocytes (Fig. 4B). Interestingly, we also found that
TfR1 knockdown inhibited oxidative stress induced mitochondrial
fission process with decreased Drpl, MFF and FIS1 proteins expression
and promoted the BNIP3 mediated mitophagy process (Fig. 4C). Similar
results were obtained by the immunofluorescence analysis. TfR1
knockdown promoted the colocalization green immunofluorescence
stained BNIP3 protein and red immunofluorescence stained mitochon-
dria (Fig. 4E). Also TFR1 knockdown inhibited the expression of FIS1
protein expression and localization in mitochondria, these results indi-
cated the activation of mitophagy process and inhibition of mitochon-
drial destruction (Fig. 4D). We next investigated whether reducing iron
influx through TfR1 silencing could inhibit the CEP chondrocytes fer-
roptosis. As shown in Fig. 4F and G, TfR1 knockdown significantly
inhibited TBHP and FAC (800 pM) induced ferroptosis with decreased
GPX4 and SLC7A11 proteins expression. In summary, our findings
highlight the intricate network linking TfR1, iron influx, mitochondrial
function, and ferroptosis in the context of CEP chondrocytes. This
complex interplay underscores the potential significance of targeting
TfR1 as a therapeutic avenue in managing mitochondrial-driven fer-
roptosis in IDD.

5. Mitochondrial mtDNA release and c-GAS/STING activation partici-
pates in iron overload induced CEP chondrocytes degeneration

We next investigated the underlying mechanisms of CEP degenera-
tion induced by iron overload. Mitochondria are the main organism of
cellular iron metabolism and mitochondrial dysfunction plays an
important role in IDD progression [24]. CEP chondrocytes were treated
with increasing concentrations of FAC and we found that FAC signifi-
cantly promoted the mitochondrial destruction with elevated mito-
chondrial fission proteins, such as Drpl, MFF and FIS1(Fig. 5A). To
further examine the effect of iron overload in mitochondrial destruction,
immunofluorescence staining was then performed to examine the
mitochondrial morphology and colocalization of Drpl and mitochon-
dria. As shown in Fig. 5B, FAC treatment (100 pm) significantly
increased the colocalization of green immunofluorescence stained Drpl
and red mitochondria, also much more granulated mitochondria were
observed in FAC treatment group. Simultaneously, our investigation
unveiled the release of mitochondrial mtDNA into the cytoplasm, further
accentuating the impact of iron overload. As shown in Fig. 5E, the green
immunofluorescence stained dsDNA probe in the cytoplasm increased
after the TBHP and TNF-a treatment, indicating that oxidative stress and
proinflammatory cytokines promoted the mtDNA leakage from the
mitochondria. Western blot analysis also demonstrated that FAC and
TBHP promoted the stimulator of interferon genes (STING) protein
expression and its downstream effector p-IRF3 in a dose dependent
manner (Fig. 5C and D). The immunohistochemistry analysis also indi-
cated a significant increase in STING protein expression in aged mice
and mice with lumbar spine instability (LSI) surgery (Fig. 5G and H).
Intriguingly, STING knockdown emerged as a potent countermeasure
against iron overload induced CEP chondrocyte degeneration, STING
silencing resulted in decreased ECM degradation enzymes, MMP3 and
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Fig. 2. TfR1 knockdown restored oxidative stress and TNF-o induced CEP degeneration. A Representative immunofluorescence images of COL2 in TBHP and TNF-a
treated CEP chondrocytes with or without TfR1 siRNA transfection. Scale bar = 50 pm. B-C Representative western blotting images of TfR1, MMP3, MMP13, SOX9,
COL2 and semi-quantitative analysis of band density in TBHP treated CEP chondrocytes. D-E Representative western blotting images of COL10, RUNX2 and semi-
quantitative analysis of band density in TBHP treated CEP chondrocytes. F Alizarin Red staining for calcium deposition in endplate chondrocytes. G Semi-quantitative
analysis of the mineralized nodule in endplate chondrocytes. H-I Annexin V-FITC/PI flow cytometric analysis was conducted to evaluate apoptosis rate induced by
TBHP and TfR1 siRNA transfection. J-K Representative western blotting images of TfR1, MMP3, MMP13, SOX9, COL2 and semi-quantitative analysis of band density
in TNF-a treated CEP chondrocytes. Data are shown as the mean + SD of at least three independent experiments. The P value is indicated by stars: *P < 0.05, **P <
901, ***¥P < 0.001, ****P < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 3. TfR1 inhibitor ameliorated CEP calcification and IDD development. A Eight-week aged mice were randomly divided in three groups and intra-peritoneally
injected Feristatin II solution followed by LSI surgery. HE staining of L4/5 intervertebral discs in the Ctrl group, IDD group, and Fer-II group. scale bar = 200 uM. B
Histological score of the L4-5 segments of the lumbar spine among the three groups and the ratio of positive cells for TFR1, SOX9, MMP3 from each group. C-E
Immunohistochemistry for TfR1, MMP3, SOX9 in the Ctrl, IDD, and Fer-II groups. Scale bar = 100 pm. F Micro-CT analysis, 3D reconstruction, and X-ray images of
cartilage endplate. G Quantification of cartilage endplate calcification via microarchitecture parameters [bone volume per tissue volume (BV/TV)]. Data are shown
as the mean + SD. N = 5, The P value is indicated by stars: ***P < 0.001, ****P < 0.0001.

MMP13, coupled with increased type II collagen expression (Fig. 5F). mtDNA replication. After confirming by confocal microscopy that
These results indicated that mitochondrial mtDNA release and ethidium-bromide-treated cells were depleted of mtDNA (Fig. 6E),
c-GAS/STING activation participates in iron overload induced CEP western blot results showed that TBHP induced cGAS-STING activation
chondrocytes degeneration. was inhibited. Moreover, EthBr inhibited TBHP induced ECM degrada-
tion with increased SOX9 and COL2 expression, and decreased matrix
6. TfR1 mediated mtDNA release play essential roles in the cGAS- enzymes MMP3 and MMP13 expression. These results indicated that
STING activation and CEP chondrocytes degeneration TfR1 mediated mtDNA release play essential roles in the cGAS-STING
activation and CEP chondrocytes degeneration.
mtDNA has been demonstrated to be an important damage associ-

ated molecular pattern molecules (DAMPs), which could be recognized 7. TfR1 was upregulated in a HIF-2a dependent manner

by cGAS-STING pathway [25]. As shown in Fig. 6A and B, TfR1 inhi-

bition reversed the activation of cGAS-STING pathway and inhibited the Research has shown that hypoxia could affect cellular iron meta-
decrease of mitochondrial membrane potential. Also our results found bolism and promote iron flux. Hypoxia-inducible factors (HIFs) play an
that TfR1 knockdown inhibited TBHP and TNF-a induced mtDNA important role in enabling chondrocytes to adapt to hypoxia environ-
release with decreased green immunofluorescence stained dsDNA in the ment, maintaining chondrocyte phenotype and regulating energy
cytoplasm. To determine whether mtDNA served as a DAMP to stimulate metabolism [26]. We speculated that the upregulation of TfR1 might be
STING activation in response to TBHP, CEP chondrocytes were depleted related to the hypoxia-inducible factors. We next examined the expres-

of mtDNA via pretreatment of ethidium bromide (EtBr) to inhibit sion pattern of HIF-2a of CEP during IDD progression. As shown in
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Fig. 7A and B, the immunohistochemistry analysis also showed that
HIF-2a protein expression was significantly elevated in aged mice and
mice with lumbar spine instability (LSI) surgery. Also in vitro experi-
ments demonstrated that oxidative stress and pro-inflammatory cyto-
kines promoted CEP chondrocytes HIF-2a expression (Fig. 7C and D). To
determine whether HIF-2a could directly regulate iron influx, CEP
chondrocytes were transfected with HIF-2a siRNA and the levels of
ferrous ions were detected using a ferric ion probe. The results showed
that ferrous ions level was reduced in HIF-2a knockdown chondrocytes
compared to THBP treated chondrocytes (Fig. 7E). Our results showed
that the TfR1 proteins expression was inhibited after HIF-2a knockdown
(Fig. 7F and G). Furthermore, we also examined the mitochondrial
fission proteins expression and the mtDNA in cytoplasm. As shown in
Fig. 7H, HIF-2a knockdown also significantly inhibited the
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mitochondrial destruction and the mtDNA leakage to the cytoplasm.
These results indicated that HIF-2a take parts in regulating CEP chon-
drocytes iron metabolism, and TfR1 is upregulated in a HIF-2a depen-
dent manner during IDD progression.

4. Discussion

The pathogenesis of IDD is very complex, aging, mechanical stress,
and metabolic abnormalities could lead to endplate osteochondritis and
oxidative stress damage, which are important contributors to endplate
degeneration and the occurrence of IDD [27]. Recent studies have
demonstrated that the aberrant accumulation of iron in tissues and cells
is linked to many diseases, including chronic renal failure, Parkinson’s
disease, Alzheimer’s disease, osteoporosis and Arteriosclerosis [28]. Our
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Fig. 5. Mitochondrial mtDNA release and c-GAS/STING activation participates in iron overload induced CEP chondrocytes degeneration. A Representative western
blotting images of Drpl, MFF, FIS1 and semi-quantitative analysis of band density in FAC treated CEP chondrocytes. B Representative immunofluorescence images of
Drpl in FAC treated CEP chondrocytes. C-D Representative western blotting images of STING, IRF3, p-IRF3 and semi-quantitative analysis of band density in TBHP
and FAC treated CEP chondrocytes. E Representative fluorescence images of dsDNA (green) and mitochondria (red) in the TBHP and TNF-« treated NP cells. F
Representative western blotting images of COL2, MMP3, MMP13 and semi-quantitative analysis of band density in TBHP treated CEP chondrocytes with or without
STING siRNA transfection. G Representative images of IHC of STING in CEP from 1-month aged, 3-month aged, 6-month-aged and 16-month-aged mice. Quantitative
analysis of STING-positive chondrocytes as a proportion of the total chondrocytes. H Representative images of IHC of STING in CEP from mice after 1month, 2
months and 3 months after LSI surgery (n = 5, scale bar = 100 pm). Quantitative analysis of STING-positive chondrocytes as a proportion of the total chondrocytes
(scale bar = 50 pm). Data are shown as the mean + SD of at least three independent experiments. The P value is indicated by stars: *P < 0.05, **P < 0.01, ***P <
9.001, *##%p < 0.0001. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Fig. 6. TfR1 mediated mtDNA release plays essential roles in the cGAS-STING activation and CEP chondrocytes degeneration. A Representative western blotting
images of cGAS, STING, p-IRF3, IRF3 and semi-quantitative analysis of band density in TBHP treated CEP chondrocytes with or without TfR1 siRNA transfection. B
Mitochondrial membrane potential (MMP) was detected by fluorescence after chondrocytes were incubated with JC-1. Red fluorescence represents JC-1 aggregates in
healthy mitochondria, while green fluorescence is emitted by JC-1 monomers, representing MMP dissipation. Merged images exhibit co-localization of JC- 1 ag-
gregates and monomers. C Representative fluorescence images of dsDNA (green) and mitochondria (red) in the TBHP and TNF-« treated CEP chondrocytes with or
without TfR1 siRNA transfection. scale bars = 50 pm. D CEP chondrocytes were pretreated with ethidium bromide 48h, then 100 pM TBHP was added and western
blot was conducted to examine cGAS, STING, p-IRF3, IRF3 proteins expression. The band density was quantified and normalized to control. E Representative
fluorescence images of dsDNA (green) and mitochondria (red) in the TBHP and EthBr treated CEP chondrocytes. F Representative western blotting images of SOX9,
COL2, MMP3, MMP13 and semi-quantitative analysis of band density in TBHP and EthBr treated CEP chondrocytes. Data are shown as the mean + SD of at least
three independent experiments. The P value is indicated by stars: *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001. (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web version of this article.)
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previous research confirmed iron overload is a significant risk factor for
IDD progression [7], Nevertheless, the regulation of iron metabolism
during the IDD progression remains unclear. In this study, we have
shown that iron homeostasis in CEP chondrocytes is disrupted during
IDD development. The pathological environment of IDD including
oxidative stress and pro-inflammatory cytokines could promote iron
influx by upregulating TfR1 expression in a HIF-2a dependent manner.
Cellular iron overload could not only lead to chondrocytes ferroptosis
and aggravate oxidative stress, but also activate the c-GAS/STING
mediated innate immune response by promoting mitochondrial
destruction and mtDNA release. To our best knowledge, this is the first
comprehensive study investigating the connection between iron meta-
bolism and IDD, along with its underlying mechanism. Our research
suggests that preserving iron homeostasis by targeting TfR1 may
represent a novel therapeutic approach for IDD.

Iron plays a dual role in human body, iron is essential for multiple
cellular catabolic and anabolic processes, including DNA synthesis,
respiration, and energy metabolism, Nevertheless, excessive labile iron
concentrations can harm cells and organs by generating reactive oxygen
species (ROS), consequently, iron homeostasis is delicately regulated
[29]. TfR1 serves as the main cellular iron gate and plays important roles
in controlling intracellular iron content [9]. Aging has a profound
impact on iron homeostasis [30]. Aging is also the most important
contributor to IDD [31]. Age-related iron accumulation has been
demonstrated in multiple organs including the brain, liver and kidney
[28]. In this study, we have, for the first time, confirmed that TfR1
expression in CEP increased during aging. Additionally, we created an
IDD mouse model and observed an increase in TfR1 expression in the
CEP 2 months after LSI surgery. These results suggest that iron ho-
meostasis is disrupted during IDD progression, characterized by
increased TFR1 expression and iron ions influx. To further elucidate the
expression pattern of TfR1, primary CEP chondrocytes were isolated and
treated with TBHP and TNF-« to mimic IDD pathogenic environment, we
found that TBHP and TNF-a significantly promoted TfR1 expression and
the iron influx in CEP chondrocytes. Chondrocytes are the only cell type
in CEP and CEP Chondrocytes apoptosis plays essential roles in CEP
degeneration [32]. Ferroptosis is a recently recognized iron dependent
cell death program and increased iron concentration can render cells
more susceptible to ferroptosis [33]. Our results also showed that TBHP
and TNF-a promoted CEP chondrocytes ferroptosis. More importantly,
our in vitro and in vivo results demonstrated that inhibition of TfR1
expression could attenuate CEP degeneration and IDD progression.
These results demonstrated the important role of TfR1 in IDD
pathogenesis.

Endplate osteochondritis is considered as one of the main causes of
IDD, mtDNA has been demonstrated to be an important damage asso-
ciated molecular pattern molecules (DAMPs), which can activate the
c¢GAS-STING pathway, resulting in the migration and infiltration of in-
flammatory cells and the release of tissue inflammatory factors [34].
DNA damage plays an important role in many diseases, including pro-
gression of IDD. As a key element of many indispensable cellular players
and co-factors, iron is required for oxygen transport and involved in the
biosynthesis of collagen and many components of the mitochondrial
electron transport chain [35]. Additionally, iron plays a vital role in the
innate immune response to infections, recent studies have suggested that
the process of ferroptosis is frequently accompanied by inflammation
[36]. Intriguingly, our prior studies showed that iron overload in CEP
chondrocytes could result in ferroptosis and mitochondrial dysfunction.
The results of present study demonstrated that increased iron influx
through TfR1 can trigger mitochondrial destruction and the mitochon-
drial mtDNA release. The inhibition of mtDNA using EthBr markedly
reduced ECM degradation and suppressed the activation of cGAS-STING
pathway, underscoring the pivotal role of mitochondrial destruction and
mtDNA release in CEP degeneration [37]. Our findings imply a close
association between ferroptosis and TfR1 with inflammatory mediators.
The use of TfR1 siRNA can inhibit mtDNA release and the subsequent
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activation of cGAS-STING pathway.

The intervertebral disc, the largest avascular tissue in the human
body, undergoes a range of changes as the body ages. One such change
involves the calcification of the cartilage endplate, which, in turn, ex-
acerbates the hypoxic microenvironment within the intervertebral disc
[38]. Hypoxic stimulation can disrupt cellular iron metabolism and
facilitate the deposition of iron in tissues. Under hypoxic conditions,
cells enhance their uptake of iron to boost mitochondria energy pro-
duction and enhance their tolerance to hypoxic environments [19,26].
In this study, we found that HIF-2a was upregulated in the CEP of IDD
model mice and HIF-2a take parts in cellular iron metabolism regula-
tion. The inhibition of HIF-2ua results in decreased iron influx and a
subsequent reduction in intracellular iron concentration. Moreover, the
study underscores the HIF-2a dependent upregulation of TfR1, a vital
element in cellular iron control. Inhibition of HIF-2a not only decreases
TfR1 expression, but also mitigates the destruction of mitochondria.
Recent research has also emphasized the role of elevated HIF expression
in contributing to the IDD progression [39]. We hypothesize that the
increased level of TfR1 in degenerated CEP is a protective mechanism
that enables CEP chondrocytes to adapt to hypoxia conditions by pro-
moting iron influx and energy production. However, the sustained and
elevated presence of HIF-2a could potentially disrupt the delicate bal-
ance of iron metabolism by promoting TfR1 expression, lead to cellular
iron overload and ferroptosis. These results underscore the intricate
interplay between hypoxia and iron metabolism, providing new insights
into the mechanisms of iron deposition in tissues and the broader
context of diseases like IDD.

In summary, for the first time our study demonstrated that iron ho-
meostasis dysfunction takes parts in IDD progression. IDD pathogenic
conditions, such as oxidative stress and pro-inflammatory cytokines
could disrupt CEP chondrocytes iron homeostasis via promoting TfR1
expression. Cellular iron overload would disrupt mitochondrial func-
tion, leading to oxidative stress and activating the mtDNA-cGAS-STING
mediated inflammation. In addition, HIF-2a regulated TfR1 expression
and played a role in iron homeostasis regulation. Our study indicate that
maintaining iron homeostasis via targeting TfR1 may be a novel thera-
peutic strategy for IDD. Systemic inhibition of TFR1 using Fer-II could
not constitute sufficient credible evidence to demonstrate the role of
TfR1 in CEP degeneration and IDD progression. Further experiments
with conditional gene knockout mice are need to offer direct role of TfR1
in CEP chondrocytes.
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