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ARTICLE INFO ABSTRACT

Keywords: Background: Intervertebral disc degeneration (IDD) is a prevalent etiology of low back pain in the global adult
Ferroptosis population, leading to considerable morbidity and healthcare costs. Existing therapeutic modalities for IDD
HSP27

remain constrained. Ferroptosis in the nucleus pulposus (NP) cells emerges as a pivotal contributor to IDD.
Humanin (HN), a mitochondrial-secreted peptide, is intricately linked to age-related maladies and showcases
antioxidant, anti-inflammatory, and anti-apoptotic properties. Nonetheless, its precise involvement in IDD re-
mains enigmatic.

Methods: The expression profile of HN in IDD was scrutinized utilizing human NP cell cultures and an IDD rat
model (n = 5). The therapeutic efficacy of HN in rats was assessed via MRI and histological evaluation, alongside
an exploration of the molecular underpinnings of HN’s therapeutic actions in IDD management.

Results: This pioneering study unveiled a downregulation of HN expression in IDD patients, a finding corrobo-
rated through cell and rat IDD models. Furthermore, it was ascertained that exogenous HN could trigger
endogenous HN expression, impede the JAK2/STAT3 and NF-kB pathways, thereby mitigating erastin-induced
ferroptosis in NP cells, contingent upon the upregulation of HSP27 expression. Moreover, the study validated
the role of HN in preserving mitochondrial homeostasis, curbing mitochondrial reactive oxygen species (mtROS)
generation and mtDNA leakage, consequently hindering mtDNA binding to TLR9 and subsequent activation of
the NF-kB pathway. Notably, in vivo rat experiments underscored the efficacy of HN treatment in ameliorating
IDD progression induced by annulus fibrosus puncture.

Conclusion: By assuaging ferroptosis in NP cells, HN exhibits promise as a viable candidate for IDD treatment,
capable of impeding disease advancement. The translational potential of this article: This study highlights the
importance and effectiveness of HN in alleviating IDD by inhibiting ferroptosis in NP cells. The addition of
exogenous HN may represent a potential therapeutic strategy for treating IDD.
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1. Introduction

Low back pain is a common musculoskeletal disorder, with an
intervertebral disc (IVD) degeneration (IDD) being a major contributor
to its development, imposing significant economic burdens on patients
and society [1,2]. Due to the worsening trend of aging population, the
prevalence of this condition is rapidly increasing, estimated to affect
around 37 % of adults worldwide, which poses a significant challenge to
public health programs and is an urgent global public health concern
[3]. Furthermore, IVD plays a crucial role in connecting the soft tissues
of the spinal vertebrae, consisting of the nucleus pulposus (NP), annulus
fibrosus (AF), and cartilage endplate (CEP) [4]. Various factors, such as
age, injury, and immune responses, lead to various structural changes
within the IVD, including reduced disc height, NP cells apoptosis, AF
ruptures, CEP calcification, and imbalances in extracellular matrix
(ECM) metabolism, particularly focusing on impaired NP cells function
and decreased cell numbers within the IVD [5,6]. On the contrary, fer-
roptosis, characterized by cell death due to cellular iron overload, has
emerged as a significant contributor to the progression of IDD [7].
Notably, recent studies have emphasized the role of ferroptosis in
mediating IDD, where iron-mediated lipid peroxidation induces mito-
chondrial abnormalities in NP cells, significantly affecting cell damage
or death within the IVD, suggesting ferroptosis to be a potential novel
therapeutic target for IDD [8,9].

Humanin (HN), a 24-amino acid peptide encoded by the 16S ribo-
somal RNA gene MTRNR2 within the mitochondrial genome, has
attracted attention for its cellular protective properties [10]. Several
studies have clarified that HN and its derivative can alleviate oxidative
stress, counteract mitochondrial dysfunction, reduce ROS levels, and
exhibit anti-inflammatory, anti-oxidant, and anti-apoptotic effects in
various organs [11,12]. An analog of HN identified in rats, called Rattin,
shows similar protective effects to human HN [13]. Moreover, studies
have shown age-related declines in HN levels across rodents, primates,
and humans, suggesting a plausible connection between insufficient HN
levels and age-associated diseases [14,15]. Further investigations and
researches have confirmed that administering exogenous HN or its de-
rivative helps alleviate symptoms of oxidative stress-related degenera-
tive aging, including neurodegenerative diseases, type 2 diabetes,
cardiovascular diseases, memory impairment, stroke, inflammation, and
amyotrophic lateral sclerosis [16,17]. In addition, HN has been impli-
cated in protecting growth plate chondrocytes from apoptosis induced
by glucocorticoids [18]. Recent studies have shed light on additional
biological effects of HN, as it significantly inhibited decreased cell
viability and ROS generation, while also leading to a marked increase in
the protein levels of GPX4, a key regulator in ferroptosis [19]. Therefore,
we hypothesize that exogenous supplementation of HN may delay IDD
by reducing ferroptosis in NP cells. However, the expression of HN in
IDD and its potential protective effects on NP cells remains unclear and
warrant further investigation.

HSP27, also known as HSPB1, is a small heat shock protein that
belongs to the small heat shock protein family and is widely expressed in
mammalian cells, especially in tissues such as muscles, nerves, and
lenses [20,21]. Takao et al. [22] demonstrated that HSP27 is localized to
the nuclei of NP cells and chondrocytes, with high expression in CEP
chondrocytes during pregnancy and childhood, but its expression de-
creases with age. Therefore, HSP27 is regarded as an important molec-
ular marker of IDD progression, potentially playing a critical role in
cellular protection by aiding cells in coping with degenerative stress
induced by mechanical and biological factors. Furthermore, Lambrecht
et al. [23] confirmed that HSP27 plays a significant role in maintaining
the homeostasis of human articular cartilage cells. However, further
research is still required to elucidate the mechanism of action of HSP27
in IDD. Moreover, according to literature reports, the regulation of the
HSP27 pathway has been associated with cellular iron transport and
ferroptosis [24]. Studies have shown that HSP27 serves as a novel reg-
ulatory factor in ferroptosis processes in cancer progression, where its
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overexpression can protect glioblastoma cells from erastin-induced fer-
roptosis [25]. Additionally, some studies have indicated that HSP27
restores the antioxidant activity of PRDX1 by interacting with ANXA2,
thereby reducing cell apoptosis and ferroptosis, thus preventing severe
acute pancreatitis [26]. Therefore, we hypothesize that HSP27 may play
a protective role in IDD by slowing down the ferroptosis process in NP
cells.

Treating IDD presents challenges due to the lack of effective methods
to delay or reverse its pathological progression [27]. Current in-
terventions mainly focus on providing symptomatic relief, including the
use of analgesics, anti-inflammatories, and physical therapy [28]. Sur-
gical options such as total disc replacement or spinal fusion surgery are
considered as last resorts, albeit with potential intraoperative and
postoperative complications [29,30]. Therefore, there is an urgent need
to explore new therapeutic strategies aimed at alleviating discogenic
pain, promoting IDD regeneration, and restoring IVD tissue balance. In
recent years, some small-molecule compounds and peptide drugs have
shown promising potential in vitro, in vivo, and clinical studies,
providing new possibilities for preventing and treating IDD
non-invasively [30-32]. Therefore, this study aims to investigate the
expression level of HN in IDD and explore the potential therapeutic ef-
fects of HN in the treatment of IDD, while elucidating the specific
mechanisms of HN in treating IDD, so as to provide a choice for
non-invasive treatment of IDD.

2. Methods
2.1. Collection of human NP specimens

We collected NP specimens from volunteers who underwent spinal
surgery. These volunteers were selected based on spinal trauma, idio-
pathic scoliosis, or disc herniation, while excluding cases of spinal
infection, immunosuppression, hypertension, and diabetes. The NP
specimens were obtained from 24 volunteers, including 14 males and 10
females, aged between 16 and 72 years. The degree of disc degeneration
was assessed using the Pfirrmann grading system. We defined a mild
degeneration group (Pfirrmann I-II) consisting of 12 samples from vol-
unteers with idiopathic scoliosis and vertebral fractures, and a severe
degeneration group (Pfirrmann IV-V) consisting of 12 samples from
different segments of disc herniation. The relevant information for each
participant is listed in Supplementary Table S1.

2.2. Culturing and treatment of NP cells

The immortalized human NP cells (0028a) were obtained from Yaji
bio-company (http://www.yajimall.com/) and cultured in DMEM/F12
medium (Gibco) supplemented with 15 % fetal bovine serum (Gibco)
and 1 % streptomycin/penicillin antibiotics. The cells were incubated at
37 °C with 5 % CO2. Upon reaching confluency, the cells were passaged
by trypsinization using 0.25 % Trypsin—-EDTA (Gibco) and replanted
into 10-cm culture plates at the appropriate density. A ferroptosis cell
model was constructed to evaluate the inhibitory effect of HN on NP
cells ferroptosis. Erastin was used to induce the ferroptosis phenotype in
NP cells. Different concentrations of erastin (2 and 5 pM, HY-15763,
MCE) and ferrostatin-1 (Fer-1.2 uM), a commonly used ferroptosis in-
hibitor (HY-100579, MCE), were added to the cell culture medium for
24 h. The cell survival rate, ROS production and the protein expression
levels of ferroptosis markers were analysed. Erastin at 5 pM was found to
induce the optimal effect on ferroptosis, and therefore, this concentra-
tion was used for subsequent cell treatments. To test its cytotoxicity,
different concentrations of HN (20, 50, 100, 200 and 500 Mm, HY-
P1928, MCE) were added to the culture medium, and the cell survival
rate was analysed. Finally, to investigate the effect of HN on NP cells
ferroptosis, different concentrations of HN (25 and 50 pM) were added
to the culture medium of cells treated with 5 pM erastin. The ferroptosis
markers expression levels and ROS production were analysed after 24 h
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of treatment.
2.3. Western blot

Total proteins were extracted from human disc specimens and NP
cells using RIPA buffer (Beyotime, China), and the protein concentration
was measured by the bicinchoninic acid (BCA) assay (Beyotime, China).
Subsequently, proteins were separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE). Following blocking
with 3 % bovine serum albumin, the membranes were incubated with
primary antibodies: HN(1:1000, ABIN549044, Antibodies), HSP27
(1:3000, 18284-1-AP, Proteintech), PTGS2(1:1000, ab179800, Abcam),
ACSL4(1:2000, YT8070, Immunoway), GPX4 (1:1000, ab125066,
Abcam), p-P65(1:2000, YP0191, Immunoway), P65(1:2000, YM3111,
Immunoway), MMP13(1:1000, ab39012, Abcam), Col II (1:1000,
ab34712, Abcam), TLR9 (1:2000, ab134368, Abcam), JAK1 (1:1000,
T57173, Abmart), Phospho-JAK1 (1:1000, TP56310, Abmart), JAK2
(1:1000, T55287, Abmart), Phospho-JAK2 (1:1000, TA3024, Abmart),
JAK3(1:1000, T57016, Abmart), Phospho-JAK3 (1:1000, TA8160,
Abmart), STAT1(1:1000, T55227, Abmart), Phospho-STAT1(1:1000,
T55702, Abmart), STAT2(1:1000, PA6346, Abmart), Phospho-STAT2
(1:1000, TP56499, Abmart), STAT3(1:1000, T55292, Abmart),
Phospho-STAT3(1:1000, T56566, Abmart), GAPDH(1:5000, 60004-1-
Ig, Proteintech), and p-actin(1:4000, SA00023-4, Proteintech). Subse-
quently, the membranes were incubated with secondary antibodies:
Anti-rabbit IgG (1:5000, SA00013-4, Proteintech) and anti-mouse IgG
(1:5000, SA00001-1, Proteintech). Finally, the proteins on the mem-
branes were detected using enhanced chemiluminescence detection re-
agents (Invitrogen, CA).

2.4. Immunohistochemistry (IHC)

To conduct further analysis, sections from both human and rat discs
were collected. After antigen retrieval and blocking with 5 % normal
goat serum, the slides were subjected to incubation with primary anti-
bodies, including HSP27(1:200, 18284-1-AP, Proteintech), p-P65
(1:200, YP0191, Immunoway), GPX4(1:100, ab125066, Abcam), ACSL4
(1:200, 22401-1-AP, Proteintech), MMP13(1:100, ab39012, Abcam),
Col II (1:100, ab34712, Abcam), p-STAT3(1:100, T56566, Abmart),
Rattin(1:200, orb1148108, biorbyt),HN(1:1000, ABIN549044, Anti-
bodies) and secondary antibodies. Subsequently, the sections were
treated with DAB solution (Gene-Tech, Shanghai, China) for develop-
ment and counterstained with hematoxylin. Histological fields were
randomly selected in each section and captured at 200x magnification
using an Olympus BX63 microscope (Olympus, Japan). The histological
fields were observed at a magnification of 200 x using the same mi-
croscope. The percentage of positive cells was calculated using Image J
software (National Institutes of Health).

2.5. Immunofluorescence staining

NP cells were seeded into flat-bottom 24-well plates at a density of 5
x 10% cells per well. Subsequently, they were incubated with 4 %
paraformaldehyde, permeabilized with 0.5 % Triton-X 100 in
phosphate-buffered saline (PBS) for 10 min, and blocked with PBS
containing 1 % BSA. Following this, the cells were subjected to over-
night incubation at 4 °C with the appropriate primary antibody. After
washing, the cells were then treated with a 1:300 dilution of Alexa Fluor-
488 or -594 conjugated anti-rabbit or anti-mouse secondary antibody
(Immunoway, USA) for 1 h at room temperature before being imaged
using a laser scanning confocal microscope (Olympus, Tokyo, Japan).

2.6. Hematoxylin-eosin (H&E) and safranine-O/fast green staining

The tissue paraffin blocks were sectioned into 4-pm slices for histo-
logical evaluation of human samples and rat discs using hematoxylin
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and eosin (H&E) staining. Moreover, all rats were euthanized 8 weeks
post-surgery, and disc tissue sections (5 pm) were prepared and pro-
cessed as previously described for hematoxylin-eosin (H&E) and
Safranin-O/Fast green staining to quantify the degree of IDD. Images
were captured using a light microscope.

2.7. Tunel staining

We collected samples from human IVD tissues and rat IDD models,
fixing them in 4 % paraformaldehyde and embedding them in paraffin.
After sectioning, the samples were deparaffinized and rehydrated, fol-
lowed by staining with a Tunel staining kit according to the manufac-
turer’s instructions. The disc tissue sections were stained with the Tunel
reaction mixture and DAPI. Finally, the sections were observed using a
fluorescence microscope, and the proportion of Tunel-positive cells was
calculated to assess the apoptosis of NP cells.

2.8. Lentivirus transfection

HSP27 expression was modulated by transfecting LV-HSP27 or LV-
shHSP27 (GENE, Shanghai, China) into cells at 30-50 % confluence.
Following a 12-h incubation period, cell viability was maintained above
95 %, and the cells were further cultured for an additional three days
before being passaged. The efficiency of transfection was assessed using
RT-qPCR and western blot analysis.

2.9. Measurement of cytosolic mtDNA

Cytosolic mitochondrial DNA (mtDNA) was assessed using standard
PCR subsequent to the specific induction of erastin at predetermined
time intervals and concentrations. Initially, half of the cellular speci-
mens underwent lysis employing a mild lysis buffer, while the remaining
half were subjected to lysis using a robust lysis buffer. The cell lysates
were subjected to cytoplasmic lysis on ice for 20 min employing 0.1 %
NP-40, followed by centrifugation at 14,000xg for 20 min at 4 °C.
Cytosolic mtDNA was isolated from the supernatant cytosolic fraction,
while total mtDNA was extracted from the entire cell lysate utilizing the
TIANamp Genomic DNA Purification Kit. DNA analysis encompassed
standard PCR, agarose gel electrophoresis, and RT-qPCR, as previously
outlined, with normalization relative to the mtDNA content within the
total cell lysate.

2.10. Assessment of mitochondrial reactive oxygen species (ROS) levels

To gauge mitochondrial ROS levels, MitoSOX (Biosharp) were
employed as indicators. Following the treatment, the specimens were
stained as per the provided protocols. The fluorescence intensities of
MitoSOX were visualized through fluorescence microscopy.

2.11. Cell counting kit-8 (CCK-8) assay

Cell viability was assessed using the Cell Counting Kit-8 (CCK-8)
method, following the protocol provided by BD Pharmingen (USA). Cells
were seeded in 96-well plates with a volume of 200 pL medium, and the
cell density was adjusted to 5 x 103 cells per well. To establish a blank
control group, 100 pL of culture medium was added to separate wells of
the 96-well plates. The plates were then placed in a CO? incubator at
37 °C for 24 h to promote optimal cell growth and adherence. After
treatment with various concentrations of HN (0, 25, 50, 100, 200 and
500 pM), 10 pL of CCK-8 solution from Kumamoto (Japan) was added to
each well. The plates were further incubated for 1 h. Subsequently, the
optical density (OD) was measured at 450 nm using a microplate reader
(Tecan; Spectra Flour Plus). This procedure was repeated three times,
and the average of the collected readings was calculated. The percentage
of cell viability was determined using formula (1-mean OD for drug
group/mean OD for control group) x 100 %.
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2.12. Engyme-linked immunosorbent assay (ELISA)

Plasma HN levels were quantified using an ELISA kit obtained from
Biobyt (orb565009, UK). Following the manufacturer’s guidelines, 100
pl of plasma samples were applied to the competitive ELISA plates. The
absorbance was subsequently recorded at 450 nm using a microplate
reader.

2.13. Measurement of malondialdehyde (MDA), glutathione (GSH), and
ferric ion (Fez*)

The levels of GSH, MDA, and Fe?* were quantitatively assessed using
commercially available assay kits. GSH levels were determined using a
GSH detection kit (Beyotime, S0052, China), while MDA levels were
measured with a dedicated MDA assay kit (Beyotime, S0131S, China).
The concentration of Fe?* was evaluated using a ferrous ion detection kit
(Abcam, ab83366, USA). All assays were performed in accordance with
the manufacturer’s instructions to ensure accuracy and reliability of the
results.

2.14. Assessment of mitochondrial membrane potential (MMP) and
mitochondrial permeability transition pore (mPTP) opening

JC-1 assay kit (Beyotime) was employed to measure MMP according
to the manufacturer’s instructions, followed by analysis via flow
cytometry to determine the ratio of JC-1 polymers to monomers. For
detection of mPTP opening, the mPTP Assay Kit (Beyotime) was utilized.
Treated cells were washed with PBS and subsequently incubated with
calcein AM and Co?" quencher at 37 °C for 30 min. After replacing the
culture medium, the slides were further incubated at 37 °C for an
additional 30 min in the dark. Finally, fluorescence microscopy was
utilized to observe the samples.

2.15. Quantitative real-time polymerase chain reaction (real-time gPCR)

To evaluate the effect of HN peptide on mitochondrial transcription,
NPCs cells were co-treated with a mitochondrial transcription-specific
inhibitor, inositol 4-methyltransferase (IMT1, MCE, HY-134539), and
HN peptide for 12 h. Total RNA was extracted using TRIzol reagent
(Takara) and converted to cDNA using the Prime Script RT Master Mix
(Takara, Japan). Quantitative real-time PCR (qPCR) was performed
using the LightCycler 96 (Roche, USA) with SYBR Green I Master Mix
(Takara, Japan) to analyze mRNA levels. Gene-specific primers for
POSTN and SYBR Premix Ex Taq II (Takara, Japan) were used for
amplification on the ABI 7900HT Fast Real-Time PCR System (Applied
Biosystems). Relative mRNA expression levels were quantified using the
272ACt method, and all experiments were performed in triplicate.

2.16. DNA immunoprecipitation

Following treatment, cellular lysis was carried out using a moderate
IP buffer (NP-40, Beyotime) supplemented with 1 % protease inhibitors
(Beyotime) and 1.5 % phosphatase inhibitor (Beyotime) at 4 °C for 20
min, followed by centrifugation at 14,000xg for 15 min at 4 °C to isolate
the soluble fraction. The resulting supernatants were then subjected to
incubation with anti-dsDNA or IgG isotype control monoclonal anti-
bodies at 4 °C for 8 h, utilizing a protein-to-antibody ratio of 1 mg-5 pg.
Subsequently, Protein A/G magnetic beads (MedChemExpress) were co-
incubated with the antigen—antibody mixture for 2 h at 4 °C. The beads
were then subjected to washing and divided into two portions. One half
of the beads was eluted with SDS loading buffer (Boster) and subse-
quently boiled at 95 °C for 10 min for western blot analysis, while the
other half was eluted with chromatin immunoprecipitation (ChIP)
elution buffer (5 mM Tris-HCl, 10 mM EDTA, and 1 % SDS). Following
proteinase K treatment, DNA extraction was performed using the TIA-
Namp Genomic DNA Kit (TaKaRa), followed by standard PCR analysis as
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previously described.
2.17. Proximity ligation assay (PLA)

Following treatment, cells were fixed at room temperature for 15 min
and subsequently washed twice with PBS. The Duolink® In situ PLA® kit
(Sigma-Aldrich) designed for mouse/rabbit samples (with red detec-
tion) was employed to visualize the physical interaction between
double-stranded DNA (dsDNA) and TLR9, following the provided
protocol.

2.18. Establishment of IDD rat model

Prior to aseptic surgery to induce IDD in rats, anesthesia was
administered via an injection of pentobarbital sodium (45 mg/kg).
Subsequently, prone rats weighing 200-250 g in each group underwent
a midline longitudinal incision on the tail, followed by the removal of
the left facet joint between the third and fourth lumbar vertebrae to
expose the Co7/8 disc. IDD induction was achieved by the insertion of a
30-gauge needle parallel to the endplates, penetrating 3.0 mm into the
disc and remaining in situ for 30 s. The control group did not undergo
any intervention. Muscle closure was performed using 3-0 silk sutures,
while skin margins were sutured with 4-0 nylon sutures. Four weeks
post-operation, lumbar H&E staining and Safranin-O/Fast green stain-
ing were conducted on the rats.

2.19. Annulus needle puncture and drug treatment

Adult male SD rats weighing 200-250 g (n = 8 per group) were
sourced from the Animal Center of Gansu of Sciences, Gansu, China.
Following established protocols, the rats were divided into four groups:
Sham group, IDD + NS, IDD + HN (0.5 or 1 mg/kg), and IDD + Fer-1.
Rats in the IDD + HN group were intraperitoneally injected with 0.5 or
1 mg/kg/day of HN for 56 consecutive days beginning from the day of
operation. Rats in the IDD + NS group were intraperitoneally injected
with normal saline daily for the same duration. The IDD + Fer-1 group
was the positive control group. At 8 weeks post-operation, T2-weighted
MRI examinations were conducted to evaluate signal changes in the rats.
Furthermore, the degree of disc degeneration was assessed using the
Pfirrmann classification.

2.20. Statistical analysis

The group differences were evaluated using one-way analysis of
variance (ANOVA) conducted with SPSS software version 19.0 for
Windows (IBM, IL, USA). In cases where the ANOVA results indicated
statistical significance, pairwise comparisons between the groups were
carried out using Bonferroni’s post hoc test. The data are expressed as
mean + standard deviation (SD). Statistical significance was defined as p
values < 0.05.

3. Results
3.1. The decrease of HN expression in IDD

Based on existing research, HN is linked to various age-related dis-
eases [33], but its expression in IDD has not been reported. To investi-
gate this, we collected IDD tissue samples (n = 6) and rigorously
assessed their degenerative status using MRI imaging, H&E staining, and
Safranin-O/Fast green staining (Fig. 1A-B). The expression level of
MMP13 were also utilized to evaluate the extent of IDD. Of note, tunel
staining was conducted to assess the apoptosis of NP cells between the
mild and severe degeneration groups (p < 0.05, Fig. 1C-D). The results
indicated a significantly higher apoptotic rate in the severe degeneration
group. Western blot analysis revealed a significant upregulation of
MMP13, PTGS2, and ACSL4, along with a downregulation of GPX4 and
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Fig. 1. The decrease of HN expression in IDD. (A) MRI images of the spine obtained from patients with varying Pffirmann grades; (B) Histological staining
including H&E and Safranine-O/Fast green staining of IVDs derived from patients with different Pffirmann grades (scale bar = 100 pm); (C-D) Tunel staining of IVDs
derived from patients with different Pffirmann grades and quantitative analysis (scale bar = 100 um); (E-F) Western blot of MMP13, PTGS2, HN, ACSL4, and GPX4
and quantitative analysis in various degenerated human discs; (G-H) IHC staining of HN, MMP13, PTGS2, GPX4, and ACSL4 and quantitative analysis (scale bar =
100 pm); (I) MRI images of rat IVDs from normal and AF puncture groups; (J-K)H&E and Safranin-O/Fast green staining of rat IDD models and histopathology score
for IDD in the rat model (scale bar = 100 pm); (L-M) Tunel staining of IVDs derived from rats and quantitative analysis; (N-O) IHC staining of Rattin, MMP13, GPX4,
PTGS2, and ACSL4 and quantitative analysis (scale bar = 100 pm); (P-R) MDA and ROS detecting of NP cells and quantitative analysis in different groups; (S)
Immunofluorescence staining of MMP13, HN, GPX4, and ACSL4 in different groups (scale bar = 50 um); (T-U)Western blot of MMP13, HN, PTGS2, GPX4, and ACSL4
and quantitative analysis in different groups. *p < 0.05, **p < 0.01, ***p < 0.001 versus Mild or Normal or CTR. The values are presented as the means + SD from at

least three independent experiments.

<

HN in severely degenerated tissues compared to mildly degenerated
tissues (p < 0.05, Fig. 1E-F). IHC staining results further confirmed the
findings from the western blot analysis (p < 0.05, Fig. 1G-H). These
findings indicated a reduced expression level of HN in severely degen-
erated IVD tissues, accompanied by an increase in apoptosis and fer-
roptosis of NP cells. This suggested that HN may be closely associated
with the processes of ferroptosis and apoptosis in NP cells, as well as
with the IDD.

To further investigate the relationship between HN expression and
ferroptosis in IDD, we established both rat and cellular models of IDD for
additional validation. The effectiveness of rat model of IDD was vali-
dated through MRI imaging, H&E and Safranin-O/Fast green staining,
and histopathological score [34]. MRI results indicated a decreased T2
signal of the IVD in rats post-acupuncture, presenting as "black IVD"
syndrome (Fig. 1I). H&E and Safranin-O/Fast green staining showed
disrupted AF structure, reduced NP cells and ECM, and severe fibrosis in
the model group (Fig. 1J). Histopathological scoring revealed higher
scores in the model group compared to the normal group (p < 0.05,
Fig. 1K), indicating the successful establishment of the IDD model. Tunel
staining indicated a significantly higher apoptotic rate in the AF punc-
ture group (p < 0.05, Fig. 1L-M). Furthermore, we conducted IHC
staining to assess the expression levels of MMP13, PTGS2, and ACSL4,
which were found to be elevated, while Rattin expression was decreased
in degenerated rat IVDs. The pattern was closely in parallel with the
changes in HN expression observed in IDD (p < 0.05, Fig. 1N-O).

In addition, we evaluated HN expression in an erastin-induced
cellular ferroptosis model. To determine the optimal erastin concen-
tration for inducing ferroptosis in NP cells, we treated NP cells with 1
pM, 2.5 pM, and 5 pM erastin. Western blot results indicated the most
significant increase in ACSL4 and PTGS2 expression and the lowest
GPX4 expression at 5 pM erastin (p < 0.05, Fig. S1A). ROS detection
demostrated the highest intracellular ROS fluorescence intensity at 5 pM
erastin (p < 0.05, Fig. S1B). Subsequently, NP cells were treated with 5
pM erastin at various time points (0 h, 6 h, 12 h, and 24 h). Western blot
analysis and ROS detection revealed that ferroptosis marker expression
and ROS levels significantly increased after 6 h of treatment, peaking at
12 h. However, this increase did not persist with extended treatment
duration (p < 0.05, Figs. SIC-D). Consequently, we selected 5 M era-
stin to treat NP cells for establishing the ferroptosis cell model. MDA and
ROS in NP cells treated with erastin were increased (p < 0.05, Fig. 1P-R).
Western blot and immunofluorescence assays confirmed the increased
expression of MMP13, PTGS2, and ACSL4, along with reduced levels of
GPX4 and HN in the ferroptosis cell model (p < 0.05, Fig. 1S-U). Overall,
our data suggest a potential link between decreased HN expression and
cellular ferroptosis, implying its role in the progression of IDD.

3.2. HN treatment induces intracellular expression to alleviate erastin-
induced NP cells ferroptosis

In our initial experiments, we demonstrated that ferroptosis in NP
cells increased, while HN expression decreased in IDD. This suggested a
potential link between reduced HN expression and cellular ferroptosis.
Recent studies have indicated that HN significantly increases the protein
levels of GPX4 and reduces ROS generation, thereby inhibiting cellular
ferroptosis [19]. Therefore, re-expression of HN may represent a
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promising strategy to inhibit ferroptosis in NP cells and alleviate the
progression of IDD. The structure of exogenous HN is illustrated in
Fig. 2A. To assess the impact of HN on NP cells, we conducted a CCK-8
assay using concentrations ranging from 0 to 200 pM at various time
points (0 h, 6 h, 12 h, 24 h, and 48 h). The results indicated that HN had
no significant effect on the cell survival rate, even at the highest con-
centration of 200 pM (p < 0.05, Fig. 2B).

To investigate the effect of exogenous HN on alleviating erastin-
induced ferroptosis in NP cells, we treated the cells with varying con-
centrations of HN (ranging from O to 200 pM) in combination with
erastin. The viability of NP cells in each group was assessed using the
CCK-8 assay. The results showed that NP cell viability decreased
following erastin treatment. However, when the concentration of HN
was increased to 25 pM, we observed a significant improvement in cell
viability, with the most pronounced effect at 50 pM. Notably, further
increases in HN concentration did not result in a significant enhance-
ment of cell viability (p < 0.05, Fig. S2A). Based on these findings, we
have selected 25 pM and 50 pM of HN in regard to subsequent experi-
ments. Fer-1, a ferroptosis inhibitor, was co-treated with erastin as a
positive control group. Intracellular concentrations of GSH, MDA, and
Fe?" were assessed. The results revealed that a concentration of 25 uM
HN effectively reduced the loss of GSH and decreased the levels of Fe>*
and MDA. The effects were even more pronounced at 50 pM HN,
showing a similar efficacy to that observed in the positive control group
(p < 0.05, Fig. 2C-E). ROS detection demonstrated that ROS levels in NP
cells significantly decreased with HN treatment (p < 0.05, Fig. 2F-G).
Furthermore, western blot were employed to evaluate cells ferroptosis
and ECM metabolism. Results showed that at 25 pM, HN reduced
MMP13, ACSL4, and PTGS2 expression while increasing GPX4 and Col
II. This effect was further enhanced at 50 pM, indicating the potential of
HN to mitigate erastin-induced ferroptosis and induce ECM metabolism
in NP cells, thereby alleviating IDD (p < 0.05, Fig. 2H-I). Immunoflu-
orescence findings were consistent with western blot analysis (p < 0.05,
Fig. 2J). Calcein/PI staining also revealed that HN increased survival of
NP cells (p < 0.05, Fig. S2B).

Although we have confirmed that HN inhibits ferroptosis in NP cells
and enhances cell viability, the precise mechanism remains unclear.
Previous studies indicated that exogenous HN treatment can stimulate
mitochondrial gene expression, thereby preserving mitochondrial
function and protecting neurons from Parkinson’s disease [35]. We
hypothesized that HN may inhibit NP cell ferroptosis by inducing
intracellular HN expression. To test this hypothesis, we treated NP cells
with varying concentrations of HN (from 0 to 200 pM). Western blot
analysis revealed a significant increase in HN expression in NP cells at
25 uM, with the most pronounced effect observed at 50 pM. However, no
significant change in intracellular HN expression was noted at 200 pM
(p < 0.05, see Fig. 2K-L). We subsequently monitored mitochondrial
ribosomal RNA (rRNA) transcription levels following HN treatment.
Within 3 h, we observed a significant upregulation of various rRNA re-
gions and HN. Although mitochondrial transcript levels slightly declined
over time, they remained significantly elevated up to 12 h
post-treatment (p < 0.05, Fig. 2M). To further validate HN’s stimulatory
effect on mitochondrial transcription, we employed IMT1, a small
molecule inhibitor, to suppress mitochondrial double-stranded RNA
(mt-RNA) production. Co-treatment with IMT1 significantly reduced HN
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Fig. 2. HN treatment induces intracellular HN expression to alleviate erastin-induced NP cells ferroptosis. (A) Molecular structure of HN; (B) Assessment of
NP cells viability using the CCK-8 assay after treatment with various concentrations of exogenous HN; (G-E) Measurement of GSH, Fe?*, and MDA levels in NP cells in
different experimental groups; (F-G) ROS detecting in NP cells and quantitative analysis in different groups; (H-I)Western blot analysis and quantitative assessment of
HN, Col II, MMP13, ACSL4, PTGS2, and GPX4 expression in different experimental groups; (J) Immunofluorescence staining of ACSL4, GPX4, MMP13, and col II
(scale bar = 100 pm); (K-L) Western blot analysis and quantitative assessment of intracellular HN when treated with various concentrations of exogenous HN; (M)
Real-time qPCR analysis was conducted to amplify different regions of mitochondrial rRNAs, specifically 12S rRNA and 16S rRNA, following HN treatment for
designated time periods. Each value on the x-axis corresponds to a specific targeted sequence within the mitochondrial genome; (N) Real-time qPCR analysis by co-
treating IMT1 inhibiting mitochondrial gene expression with HN in NP cells; (O) Immunofluorescence of fluorophores conjugated HN (FITC-HN: green) in NP cells for
indicated hours. Intracellular HN was stained (red) (scale bar = 50 pm). (M). *p < 0.05, **p < 0.01, ***p < 0.001 compared to the control group (CTR). Data are

presented as means + SD from at least three independent experiments.

transcripts induced by HN peptide treatment in a dose-dependent
manner (p < 0.05, Fig. 2N).

To differentiate between exogenously added HN peptide and intra-
cellular HN, we treated NP cells with FITC-conjugated HN (FITC-HN). As
shown in Fig. 20-a weak HN signal was initially detected in NP cells.
After 3h of FITC-HN treatment, a strong intracellular fluorescence signal
was observed, while no signal was detectable after 12 h, indicating
peptide degradation. However, cells treated for 12 h exhibited robust
intracellular HN signals. These results suggest that exogenous HN
treatment not only stimulates mitochondrial gene expression but is also
absorbed by cells, ultimately leading to an increased intracellular HN
expression.

3.3. HSP27 may be a target gene regulated by HN and its expression
mitigates erastin-induced ferroptosis in NP cells

We have confirmed that HN can alleviate cellular ferroptosis by
inducing itself in expression levels in NP cells. In this process, will HN
also affect the expression of other genes? So,we treated NP cells with
erastin alone or in combination with HN, with DMSO-treated cells
serving as the control group. High-throughput sequencing analysis was
subsequently performed to assess the expression of genes. We identified
the top 50 DEGs(|log2 (FC)| > 1 and p < 0.05), visually represented in a
heatmap (p < 0.05, Fig. 3A). Moreover, multiple sets of volcano plots
show the DEGs between the control group and the erastin group, as well
as between the erastin and the erastin + HN group (p < 0.05, Fig. 3B).
Subsequently, genes associated with ferroptosis and IDD were extracted
from databases and cross-referenced, revealing MMP2, PTGS2, and
HSP27 as commonly DEGs (Fig. 3C). Notably, HSP27 exhibited the most
significant alteration, prompting our focus on it (p < 0.05, Fig. 3D).
Correlation analysis conducted through GEPIA databases revealed a
positive association between HN and HSP27 expression (R = 0.55, p <
0.05), indicating the potential of HN to modulate HSP27 expression to
ameliorate ferroptosis (p < 0.05, Fig. 3E).

However, the expression of HSP27 in IDD has not been reported, and
its relationship with ferroptosis in NP cells is also unclear. So, we
examined HSP27 expression in human and rat IDD tissues by western
blot and IHC staining, and observed decreased expression in severely
degenerated tissues and AF puncture IVD of rat (p < 0.05, Fig. 3F-I). In
cell model, erastin induced a dose-dependent decrease in HSP27
expression, with significant downregulation at 1 pM and the most pro-
nounced decrease at 5 pM in NP cells (p < 0.05, Figs. S3A-B). Time-
course analysis revealed a significant reduction in HSP27 expression
after 6 h of erastin treatment, however, with the increase of processing
time, the expression of HSP27 did not decrease continuously (p < 0.05,
Figs. S3C-D).

To investigate the relationship between HSP27 and ferroptosis, we
performed HSP27 knockdown in NP cells. The outcomes from western
blot indicated that HSP27 knockdown led to an increase in the expres-
sion of ACSL4, PTGS2, and MMP13, while the expression of GPX4 and
Col II decreased in NP cells (p < 0.05, Fig. 3J). This suggested that the
knockdown of HSP27 may induce ferroptosis and enhance ECM meta-
bolism in NP cells, contributing to their degeneration. Furthermore, we
investigated the effects of HSP27 knockdown on cellular ROS levels and
mitochondrial function using ROS assays, Mito Tracker Red, and JC-1
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staining. The results indicated that, after the inhibition of HSP27
expression, ROS levels in NP cells increased, the number of mitochon-
dria decreased, and mitochondrial membrane potential was altered(p <
0.05, Fig. 3K-0). We also studied the effects of HSP27 overexpression on
ferroptosis, ROS levels, and mitochondrial function, and the efficacy was
validated through western blot analysis (p < 0.05, Fig. 3P). Western blot
results demonstrated that, compared to the erastin-only treated group,
the erastin + oe-HSP27 group exhibited reduced expression of MMP13,
ACSL4, and PTGS2, along with increased expression of Col II and GPX4
(p < 0.05, Fig. 3Q-R). Immunofluorescence staining for MMP13, Col II,
GPX4, and ACSL4 corroborated the western blot findings (p < 0.05,
Fig. S3E). The erastin-mediated increases in ROS levels, decreases in
mitochondrial numbers, and imbalances in mitochondrial membrane
potential were alleviated following HSP27 overexpression (p < 0.05,
Fig. 35-V).

3.4. HN safeguards NP cells from erastin-induced ferroptosis via
increasing HSP27 expression

In previous studies, we identified HSP27 as a potential target gene
regulated by HN and found that HSP27 expression can effectively
mitigate erastin-induced ferroptosis in NP cells. To further elucidate
whether HN alleviates erastin-induced ferroptosis through the regula-
tion of HSP27 expression, we investigated the regulatory effect of HN on
HSP27 expression. Our results demonstrated a significant increase in
HSP27 expression starting at 25 pM HN, which plateaued at 50 pM (p <
0.05, Fig. 4A-B). Additionally, when examining the impact of HN (50
pM) treatment on HSP27 expression at various time points, we observed
an increase in HSP27 expression after 6 hours, which became signifi-
cantly more pronounced after 12 hours (p < 0.05, Fig. 4C-D). IF analysis
confirmed that HN treatment resulted in an increased co-expression of
HN and HSP27 in NP cells (p < 0.05, Fig. 4E).

Subsequently, we explored the necessity of HSP27 expression in HN-
mediated alleviation of erastin-induced ferroptosis in NP cells through
knockdown and overexpression experiments. Western blot analyses
revealed that, compared to the erastin + HN group, the erastin + HN +
oe-HSP27 group exhibited decreased expression levels of MMP13,
ACSL4, and PTGS2, although the increases in GPX4 and Col II were not
statistically significant (p < 0.05; Fig. 4F-G). In contrast, in the erastin +
HN + shHSP27 group, levels of MMP13, ACSL4, and PTGS2 increased,
while levels of GPX4 and Col II decreased compared to the erastin + HN
group (p < 0.05; Fig. 4H-I). Immunofluorescence staining results further
confirmed these western blot findings (p < 0.05; Fig. 4J).

Furthermore, we assessed intracellular concentrations of ROS, GSH,
MDA, and Fe*. The results indicated that overexpression of HSP27 and
HN treatment reduced GSH depletion, ROS and MDA production, and
Fe?* accumulation in the erastin-induced ferroptosis model. However,
when HN treatment was accompanied by HSP27 knockdown, GSH
consumption in NP cells was not reduced, while ROS and MDA pro-
duction increased, along with elevated Fe** levels (p < 0.05; Fig. 4K-0).
Additionally, Calcein/PI staining was employed to evaluate the survival
rate of NP cells across different groups. The results demonstrated that
both HN treatment and HSP27 overexpression increased NP cell survival
rates, with the highest survival observed during HN treatment in
conjunction with HSP27 overexpression. Conversely, when HSP27
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Fig. 3. HSP27 may be a target gene regulated by HN and its expression mitigates erastin-induced ferroptosis in NP cells. (A) Heat map showing the top 50
DEGs from transcriptome sequencing results; (B) Volcano plot showing the distribution of DEGs in the transcriptome sequencing results, with green indicating
downregulation and red indicating upregulation; (C)Venn diagram of DEGs, ferroptosis related genes from FerrDb database, and IDD-related genes from GeneCards
and CTD databases; (D) Violin plot showing the differential expression analysis of MMP2, PTGS2, and HSP27 in three groups; (E) Correlation analysis of HN and
HSP27 expression in the GEPIA database (R = 0.55, p < 0.05); (F-G) Western blot of HSP27 and quantitative analysis in various degenerated human discs; (H-I) IHC
staining of HSP27 and quantitative analysis in IVDs from human and rat (scale bar = 100 pm or 50 pm); (J) Western blot of HSP27, ASCL4, MMP13, Col II, PTGS2,
and GPX4 and quantitative analysis when HSP27 knockout; (K-L and S-T) ROS detecting in NP cells and quantitative analysis in different groups(scale bar = 20 pm);
(M and U) Mito Tracker Red showed the number of mitochondria(scale bar = 20 pm); (V-O and V-W) JC-1 staining and quantitative analysis of MMP in different
groups (scale bar = 20 pm).*p < 0.05, **p < 0.01, ***p < 0.001 versus Mild, Normal or NC. The values are presented as the means + SD from at least three in-

dependent experiments.

expression was inhibited, the ability of HN to enhance NP cell survival
diminished (p < 0.05; Fig. 4P-Q).

Overall, these findings indicate that overexpression of HSP27 en-
hances the anti-ferroptotic effect of HN, while inhibition of HSP27
expression reduces this effect. This suggested that HN alleviated erastin-
induced ferroptosis in NP cells, thereby delaying IDD progression in a
manner dependent on HSP27 expression.

3.5. HN mitigates ferroptosis in NP cells by suppressing the NF-xB and
JAK2/STATS3 signal pathways

To investigate the mechanisms by which HN expression alleviates
ferroptosis in NP cells, we conducted KEGG and GSEA enrichment an-
alyses using genes derived from sequencing data. Our analysis revealed
significant enrichment of genes associated with the NF-kB and JAK/
STAT signaling pathways (p < 0.05; Fig. 5A-B), suggesting that HN may
modulate these pathways to mitigate erastin-induced ferroptosis. Pre-
vious studies have indicated a close association between the activity of
these pathways and ferroptosis [36,37], underscoring their crucial roles
in the pathogenesis of IDD [38-40]. Therefore, we focused on these two
pathways.

To validate our hypothesis, NP cells were treated with HN (25 and
50 pM) in conjunction with erastin, and the impact on the NF-xB
signaling pathway was examined. Western blot analysis showed that HN
effectively inhibited the erastin-induced activation of the NF-xB
pathway, with a more pronounced effect at higher concentrations (p <
0.05; Fig. 5C-D). Immunofluorescence staining further revealed that
erastin increased the nuclear translocation of p-P65, while HN partially
mitigated this effect (p < 0.05; Fig. 5E). Similarly, we explored the in-
fluence of HN on the JAK/STAT pathway. Western blot analysis
demonstrated that HN significantly inhibited the phosphorylation of
JAK2 and STAT3 induced by erastin, without affecting the phosphory-
lation levels of JAK1, JAK3, STAT1, or STAT2 (p < 0.05; Fig. 5F-H).
Immunofluorescence staining confirmed that erastin induced increased
expression of p-JAK2 and nuclear translocation of p-STAT3, which was
partially reduced by HN (p < 0.05; Fig. 5I). These results indicated that
HN can effectively suppress the activation of both the NF-xB and JAK2/
STAT3 signaling pathways induced by erastin.

To further investigate whether HN reduces ferroptosis in NP cells via
the NF-xB pathway, we introduced CU-T12-9, an NF-xB pathway
agonist, and established four experimental groups: control, erastin,
erastin + HN, and erastin + HN + CU-T12-9. Western blot results
showed that in the HN + erastin group, the expression levels of MMP13,
ACSL4, and PTGS2 decreased, while those of Col II and GPX4 increased
compared to the erastin group. This suggested that HN effectively alle-
viated erastin-induced ferroptosis and degeneration of NP cells. How-
ever, in the HN + erastin + CU-T12-9 group, the expression levels of
MMP13, ACSL4, and PTGS2 were elevated, while those of Col II and
GPX4 were reduced compared to the HN + erastin group, indicating that
the protective effect of HN was diminished upon reactivation of the NF-
kB pathway (p < 0.05; Fig. 5J-K).

Moreover, we investigated the relationship between HN and fer-
roptosis by introducing Butyzamide, a JAK2/STAT3 pathway agonist.
Western blot analyses indicated that the protective effect of HN was
weakened upon reactivation of the JAK2/STAT3 pathway, further
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supporting the conclusion that HN alleviates erastin-induced ferroptosis
by inhibiting the JAK2/STAT3 pathway (p < 0.05; Fig. 5L-M). Immu-
nofluorescence staining corroborated the western blot results (p < 0.05;
Fig. 5N). Additionally, we assessed the levels of GSH, MDA, and Fe* in
NP cells across the different treatment groups. The results indicated that
HN reduced GSH depletion and lowered MDA and Fe?* levels. However,
these effects were reversed upon reactivation of the NF-kB and JAK2/
STAT3 pathways with their respective agonists (p < 0.05; Fig. 50-Q).
Our findings demonstrate that HN alleviates erastin-induced ferroptosis
in NP cells by suppressing the activity of the NF-xkB and JAK2/STAT3
signaling pathways.

3.6. HN suppressed NF-xB and JAK2/STAT3 pathway activity and
ferroptosis in NP cells depending on HSP27 expression

In previous studies, we demonstrated that HN promotes the expres-
sion of HSP27, which alleviated erastin-induced ferroptosis in NP cells.
We also identified that this effect of HN is mediated, at least in part, by
the inhibition of the NF-kB and JAK2/STAT3 signaling pathways.
Existing literature confirmed that HSP27 expression could inhibit the
activity of the NF-kB pathway [41] and was closely associated with the
activity of the JAK2/STAT3 pathway [42]. Therefore, we hypothesized
that HN might inhibit the activity of these two pathways, at least partly,
through the regulation of HSP27 expression.

To test this hypothesis, we investigated the impact of HSP27
knockdown on the activity of the NF-kB and JAK2/STAT3 pathways.
Western blot analysis revealed that HSP27 knockdown resulted in
increased expression of p-JAK2, p-STAT3, and p-P65 (p < 0.05;
Fig. 6A-B). Additionally, immunofluorescence staining showed that the
nuclear translocation of p-STAT3 and p-P65 was enhanced following
HSP27 knockdown, indicating increased activity of the NF-xB and
JAK2/STAT3 pathways (p < 0.05; Fig. 6C-D). To further investigate
whether HN’s inhibition of the NF-xB and JAK2/STAT3 pathways is
dependent on HSP27 regulation, we established four experimental
groups: control, erastin, erastin + HN, and erastin + HN + shHSP27.
Western blot results indicated that, compared to the erastin + HN group,
the expression levels of p-JAK2, p-STAT3, and p-P65 in the erastin + HN
+ shHSP27 groups were elevated, yet lower than those observed in the
erastin group. This suggested that the ability of HN to inhibit NF-kB and
JAK2/STAT3 pathway activity was partially diminished following
HSP27 knockdown (p < 0.05; Fig. 6E-H). Furthermore, immunofluo-
rescence results confirmed the findings from the Western blot analysis
(p < 0.05; Fig. 6I).

Moreover, we continued to explore whether HN’s inhibition of
erastin-induced ferroptosis in NP cells is dependent on HSP27 expres-
sion. Western blot and immunofluorescence analyses revealed increased
expressions of MMP13, ACSL4, and PTGS2, alongside decreased levels of
GPX4 and Col II in the shHSP27 + erastin + HN group compared to the
erastin + HN group. This indicated that the ability of HN to mitigate
erastin-mediated ferroptosis in NP cells was compromised when HSP27
expression was inhibited (p < 0.05; Fig. 6J-L). Additionally, the levels of
ROS and MDA in NP cells were measured, revealing that the production
of ROS and MDA was not decreased upon HSP27 expression inhibition
(p < 0.05; Fig. 6M—0). Calcein/PI staining further confirmed that HN
enhanced the survival of NP cells; however, this protective effect was
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diminished when HSP27 expression was inhibited (p < 0.05; Fig. 6P-Q).

In conclusion, these findings suggested that the suppression of
HSP27 expression attenuated HN’s ability to inhibit the NF-xB and
JAK2/STAT3 pathways, thereby reducing its efficacy in alleviating
erastin-induced ferroptosis in NP cells. HN inhibited the activity of the
NF-kB and JAK2/STAT3 pathways and alleviated cell ferroptosis,
partially dependent on HSP27 expression.

3.7. HN maintains mitochondrial homeostasis to prevent mtDNA leakage-
induced TLR9 activation, thereby reducing NF-xkB pathway activation

HN is a polypeptide secreted by mitochondria, and its main function
is to maintain mitochondrial homeostasis [35]. According to existing
studies, an imbalance in mitochondrial homeostasis in NP cells could
lead to an increased opening of the mPTP gate, resulting in the extrav-
asation of mtDNA into the cytoplasm. Once in the cytoplasm, mtDNA
bind to TLRY, thereby activating the downstream NF-kB pathway and
mediating corresponding biological effects [43,44]. Therefore, we
speculated that HN inhibited the NF-kB pathway not only by regulating
HSP27, but also by maintaining mitochondrial homeostasis and
reducing mtDNA extravasation binding to TLR9, thereby inhibiting the
activation of the downstream NF-xB pathway.

To investigate the impact of HN on NP cells mitochondria, we
initially assessed the effects of different concentrations of erastin on
mitochondrial homeostasis. Through diverse assays, such as Cancein
AM + Go?* for mPTP opening, JC-1 staining for MMP changes, and
MitoSOX Red staining for mtROS levels, we observed a dose-dependent
increase in mPTP opening, MMP, and mtROS production upon erastin
treatment (p < 0.05, Fig. 7A-E). Furthermore, we used TOMM20-
labeled mitochondria and double-stranded DNA for fluorescence
colocalization. The results showed that with an increase of erastin
concentration, the number of mitochondria decreased and the mtDNA
extravasated into the cytoplasm increased (p < 0.05, Fig. 7J). Addi-
tionally, erastin treatment significantly increased TLR9 expression
detected by western blot and cytoplasmic leakage of mitochondrial DNA
(mtDNA)-ND1 demonstrated by agarose gel electrophoresis and immu-
nofluorescence (p < 0.05, Fig. 7F-I). The DNA IP and PLA assays
confirmed a direct ND1-TLR9 interaction, which strengthened with
rising erastin concentration (p < 0.05, Fig. 7K-M).

Subsequently, we assessed how different concentrations of HN
affected erastin-induced mitochondrial dysfunction. CsA, an mPTP in-
hibitor, was used as a positive control group after co-treatment with
erastin. Notably, at 25uM and 50uM concentrations, HN effectively
reduced mPTP opening, mitigated MMP changes, and decreased mtROS
production induced by erastin. Furthermore, the fluorescence co-
localization of TOMMZ20-labeled mitochondria and mtDNA showed
that after 25uM and 50uM treatment, the number of mitochondria was
more than that in erastin group, but less mtDNA was exfiltrated into the
cytoplasm (p < 0.05, Fig. 7N-Q, S, and U). In addition, we investigated
whether HN could inhibit TLR9 activity and attenuate mtDNA binding to
TLR9. Western blot results showed that after HN treatment with
different concentrations, TLR9 expression decreased, which was
consistent with that after CsA treatment (p < 0.05, Fig. 7R and T). Our
DNA IP and PLA results demonstrated that HN decreased the interaction
between erastin-induced dsDNA and TLR9, similar to the positive con-
trol group (CsA + Erastin) (p < 0.05, Fig. 7V and W-X).

Thus, we concluded that HN diminished mtROS production, main-
tained mitochondrial membrane potential, reduced mPTP opening,
limited mtDNA leakage into the cytoplasm, and attenuated the binding
between mtDNA and TLR9, thereby alleviating erastin-induced ferrop-
tosis in NP cells.

3.8. HN alleviates IDD by inhibiting NP cells ferroptosis in rats

Using the above mentioned methodology, we induced an IDD model
in rats through AF needle puncture, followed by an evaluation of the
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therapeutic potential of HN in this model. Specifically, a 26G needle was
employed to puncture the IVDs of the rats. The control group was none
treatment, while the model group underwent intraperitoneal injection
administration of either normal saline (NS) or varying doses of HN (0.5
or 1 mg/kg) in conjunction with Fer-1, which was designated as the
positive control. The complete experimental procedure is depicted in
Fig. 8A. To assess the absorption of HN administered via intraperitoneal
injection in rats, we measured the plasma concentration of HN using
ELISA. The results revealed a significant increase in HN levels in the
plasma 15 min post-treatment with HN (0.5 or 1 mg/kg), peaking at 30
min. However, after an hour, the serum concentration of HN had
remarkably decreased, although it remained elevated compared to the
control group, indicating a potential degradation of HN (p < 0.05, as
illustrated in Fig. 8B). Furthermore, considering that IVD is an avascular
structure, with the nutrition of its NP cells primarily sourced from the
CEP, we aimed to investigate whether the administered HN could
penetrate into the IVD. To achieve this, we administered FITC-labeled
HN via intraperitoneal injection and subsequently examined the
expression pattern of FITC-HN in the IVD after 30 min. The results
indicated that FITC-HN was present not only in the CEP but also within
the NP cells, as depicted in Fig. 8C.

At eight weeks post-surgery, MRI analysis was utilized to precisely
quantify the water content of the IVDs, a critical diagnostic parameter
for IDD. The MRI imaging results showed a significant decrease in T2
signal intensity of the rat IVD and a reduction in intervertebral space in
the IDD + NS group compared to the sham surgery group. Conversely,
both the HN treatment group and the Fer-1 treatment group showed a
significant increase in T2 signal intensity of the NP tissue in the rat IVD
compared to the IDD + NS group (Fig. 8D). Moreover, the evaluation of
IDD degree through H&E staining and Safranin-O/Fast green staining
revealed a significant decrease in NP size and a noticeable increase in AF
irregularity in the puncture group compared to the sham surgery group,
indicating severe IDD. Remarkably, utilizing treatment with HN and Fer-
1 significantly improved these degenerative changes (Fig. 8E). Histo-
pathological score, based on MRI, H&E staining, and Safranin-O/Fast
green staining results, quantitatively assessed the severity of IDD. The
NS treatment group showed higher scores than the sham surgery group,
whereas after treatment with HN and Fer-1, the scores were significantly
lower than those in the NS treatment group (p < 0.05, Fig. 8F).

Additionally, we utilized immunofluorescence to assess the expres-
sion levels of GPX4, Col II, MMP13, and ACSL4, whereas IHC staining
was employed to evaluate the expression levels of p-P65, p-STATS3,
Rattin, and HSP27. The IHC staining results are noteworthy, showing a
significant reduction in the expression of p-STAT3 and p-P65 and in-
crease of HSP27 and Rattin in both the HN and Fer-1 treatment groups
compared to the puncture plus NS group (p < 0.05, Fig. 8G-H). Immu-
nofluorescence results demonstrated increased expressions of ASCL4
and MMP13 in the degeneration group, but decreased expression in the
HN treatment group and positive control group. In contrast, GPX4 and
Col II exhibited the opposite trend (p < 0.05, Fig. 8I).

These findings confirmed that both HN and Fer-1 effectively inhibit
IDD. Therefore, it could be concluded that HN provided a protective
effect against IDD induced by needle puncture (Fig. 9).

4. Discussion

IDD is a common spinal condition characterized by the structural and
functional deterioration of the IVD in the lumbar spine [4]. Various
factors such as aging, injury, and immune responses contribute to
structural alterations in the IVD, encompassing diminished disc height,
apoptosis of NP cells, AF rupture, calcification of CEP, and imbalance in
the ECM metabolism, with a specific emphasis on the compromised
function and decreased population of NP cells within the IVD [5,6]. It is
widely recognized that the depletion of NP cells induced by ferroptosis
plays an essential role in initiating and accelerating the progression of
IDD [8,45,46]. Currently, treatment strategies for IDD mainly focus on



D. Zhu et al.

Erastin(uM)
235

poy

100yim

100pm

W UAIN/PY usID)

~
=

SOy

Journal of Orthopaedic Translation 50 (2025) 274-294

(F) Erastin(uM) H) Erastin(uM)
CTR 2.5 5 kDa CTR 25 5
e 150 Cytosolic lysis|

Tota lysis [ ———

mtDNA:NDI

—
—
-

CININOL

C

NVNA-Sp 0

0.00¢
Erastin(uM)

@ =

e o o
s 2 o
g 8 8

Cytosolic ND1/total ND1
g
S

CTR 2.5uM 5uM

The ratlo of proteins/B-actin
(of control)
5

2l 05 1 Y . @)
(K) nput IP:IgG ~ IP:dsDNA .
. r 23 123 1 2 3 28 | "~ =+
S0 ,gz““’&”h,\‘}(,*‘“ IB:TLRO s S ;g 8
o ¢ ¢ TB:GAPDH s s 3341
=3
o 2 " oDNAGAPDH e T 38+
£ mDNA: NDlm 22 °*
& _ 08+ 25 5 0 25 5 0 25 5 #£
5 Erastin(uM) CTR 25uM 5uM
x2
rg .
: 0 3 \:\: \'%c’\\ﬂ\
M g SO
™ Erastin(uM) M(E)OD- OV\ Cfv?’
0 2.5 5
oo -
: -
kg = ~
8 - =
PLA(dsDNA&TLRY) € 20- ¥
g | = Q
g =T i
®R) 3 TR 25 (O_)
HN ) - - 25 50 - —:‘
CsA - N N - = + ~
DMSO - + o+ ks
Erastin + + + + kDa
TLRY ‘.-“.... T
(P) pres
B-actin ......1‘40 3
<
T : S
—_—
( PDotr e S
£ g — g
= : (@]
& 5 314 ; '
o %5 b >
£ 58 Qg ‘
[ 538 Q -
2 o507 b 4 -
X 0.0 o -
HN - - = 25 50 - HN - - - 25 50 - =
CsA - -~ -~ - - * CsA - - - - - *
DMSO- + + + + + DMSO- + + + + + 0
Erastin- - + + + + Erastin- - + + + + ==
) wxx PLA(dsDNA&TLRY)
§ 150 - — W) Input IP:IgG IP:dsDNA OO _t0q
@ e M | éa
A TLRS 100 5%
. B:TLR . il i
H & IB:GAPDH s s e ig°
€ 5 - 2 £2 4
2 oy N g% 2
(Tj\ oD T Ty Erastin +  + + + + o+ Erastin +  +  +
DMSO- + + + + + HN - + - -+ - - + - HN - + -
Erastin- - + + + + CsA - -+ - -+ - o+ CsA - -+

Fig. 7. HN maintains mitochondrial homeostasis to prevent mtDNA leakage-induced TLR9 activation, thereby reducing NF-xB pathway activation. (A, D
Q, and S) JC-1 staining and quantitative analysis of MMP in different groups (scale bar = 100 pm); (B, E, O, and U) MitoSOX red staining and quantitative analysis in
different groups (scale bar = 20 pm). (C and N)Representative fluorescence images of calcein AM/Co?*
blot of PTGS2, p-P65, ACSL4, GPX4, MMP13, TLR9, and Col II and quantitative analysis in different groups; (H-I) DNA agar gelatin electrophoresis images of mtDNA
(ND1) in cytosolic or total lysates of NP cells and quantitative analysis in different groups. (J and P) Immunofluorescence staining of dsSDNA and TOMMZ20 in different
groups (original magnification 40x, scale bar = 20 pm); (K-L and W-X) Representative DNA immunoprecipitation images and quantification of the enrichment level
of TLR9 in the DNA immunoprecipitates in different groups. (M and V) The physical interaction between dsDNA and TLR9 from in situ PLA images of NP cells in
**p < 0.001 versus CTR. The values are presented as the means + SD from at least three independent experiments.

different groups.*p < 0.05, **p < 0.01,

288

quencher staining in different groups; (F, G, R, and T) Western



D. Zhu et al. Journal of Orthopaedic Translation 50 (2025) 274-294

(A) AF puncture  HN or Fer-1 injection MRI radiography a ©) FITC-HN FITC-HN
Drug concentration 8 weeks later ‘ '\ '
Assessment \ *\ HiStOlOgy
200pum
[HC IF [
A
HN (mg/kg)

Sham NS +IDD_ [DD+HN(0.5) IDD+HN(1) IDD+Fer-1 _ (B) = ° = 3omn

- 15min -+ 60min

300

<
£ = 200
oo
SE =
52 ;i
=2 100 o
x -
z
<
0 O
E) 0.5mglkg 1mglkg %
£ HN treat —
4 = Sham 3 IVDD+HN(1) = Sham 3 IVDD+HN(1)
s =3 VDD+NS 3 IVDD+Fer-1 3 IVDD+NS [ IVDD+Fer-1
E«fj 3 IVDD+HN(0.5) 3 IVDD+HN(0.5)
2 *
()
! ga 12
2 §
= P o
= w
=3 5 8
o g
o) g
= | E 4
2 H
o
Q 2
& T
=

p-P65 p-STAT3 HSP27 Rating
i p-STATS3 . HSP27 Rattin

G

adrl + SN weys ~

4X ! 20X

(3yBw)NH

[-191+AdI (DNH+adI(s ONH+AdI

— =

P

I o ) HN (mg/kg)
IDD+HN(0. S)

NS +IDD

IDD+HN(1)

JIV/FXdD 1dvd

”[\

Fig. 8. HN alleviates IDD by inhibiting NP cells ferroptosis in rats. (A) The experimental procedure conducted in vivo; (B) ELISA for detecting FITC-HN In rat
serum at the indicated time points; (C) Within 30 min after intranasal treatment, FITC-HN was detected associated with the IVD; (D-E) MRI images, H&E, and
Safranin-O/fast green staining of rat discs in different groups (scale bar = 100 pm); (F) Histopathological score were utilized to assess the extent of IDD in different
groups; (G-H) IHC staining of p-STAT3, p-P65, HSP27,and Rattin and quantitative analysis in different groups(scale bar = 100 pm); (I) Immunofluorescence of GPX4,
ACSLA4, Col II, and MMP13 in different groups (scale bar = 100 pm). *p < 0.05, **p < 0.01, ***p < 0.001 versus Sham or NS + IDD. Values are presented as the mean
+ SD from at least three independent experiments.

-
=

289



D. Zhu et al.

Journal of Orthopaedic Translation 50 (2025) 274-294

Intracellular Humanin

- Vi
"4
JAK2

o

Humanin
Ferroptosis
; X CHS'HZUJNKJOUSZ
Exogenous Hlllnmin;_
& Py @® ROS
' m(DNA / o

IkB

D

r,"-’o kg F'/Z
T
_— NRE
/

..Gl’xztl

L J
R
ACSL4 —

LBP

mtDNA

/

Nucleus pulposus cell

Fig. 9. Proposed schematic representation of how HN reduces ferroptosis in NP cells to alleviate IDD.

alleviating  symptoms, including the use of analgesics,
anti-inflammatories, and physical therapy, while surgical interventions
are generally considered a last resort [29]. HN and its derivative have
the capability to diminish oxidative stress, mitigate mitochondrial
dysfunction, decrease levels of ROS, and demonstrate
anti-inflammatory, antioxidant, and anti-apoptotic properties across
various organs [16,17]. Furthermore, HN notably attenuated the decline
in cellular viability and generation of ROS, while markedly augmenting
the protein expression of GPX4, a pivotal regulatory protein in the
process of ferroptosis [19]. However, the expression of HN in IDD and its
potential protective effects on NP cells remain unclear and warrant
further investigation.

In this study, we conducted a novel analysis of HN expression,
termed "rattin" in rodents, in human and rodent IVD tissues. Of note, our
findings revealed downregulation of HN and rattin expression in NP
tissues of IDD-afflicted subjects compared to healthy IVDs, suggesting
their potential involvement in IDD regulation. Subsequently, we inves-
tigated the pharmacological effects of exogenous HN in cellular and
rodent models of IDD. Our cellular experiments demonstrated that HN
effectively attenuated erastin-induced ferroptosis in NP cells by
increasing intracellular HN expression. This is in consistent with the
study of Kim et al., who also found that exogenous HN can regulate the
expression of intracellular HN to delay the progression of Alzheimer’s
disease [35]. Erastin-induced ferroptosis primarily occurs through in-
hibition of the Xc system, resulting in glutathione depletion, FeZ*
accumulation, oxidative stress, and mitochondrial dysfunction, ulti-
mately leading to cell ferroptosis [7]. Additionally, animal experiments
further confirmed the therapeutic potential of HN, as treatment with HN
alleviated the progression of needle-induced IDD in rats. This indicates
that exogenous HN may ameliorate IDD conditions by inhibiting fer-
roptosis in NP cells. These findings are in consistent with recent research
demonstrating the ability of HN to alleviate intrauterine adhesions by
inhibiting ferroptosis in endometrial epithelial cells [47].
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To delve into the other molecular mechanisms underlying the
reduction of ferroptosis in NP cells by HN, we conducted high-
throughput sequencing on NP cells treated with erastin and (or) HN.
The group treated solely without erastin and HN served as the control.
Differential gene expression analysis was performed, intersecting the
identified genes with those related to IDD and ferroptosis, ultimately
pinpointing the target gene: HSP27. Concurrently, we investigated the
relationship between HSP27 and IDD through human IDD tissue speci-
mens, cellular models, and animal IDD models. Similarly, our results
revealed a decreased expression of HSP27 in degenerated IVD compared
to normal ones, consistent with findings by Tsuneaki et al. [22]. Addi-
tionally, Lambrecht et al. [23] conducted differential expression analysis
on normal and osteoarthritis-afflicted chondrocytes, observing reduced
HSP27 expression in osteoarthritis chondrocytes and positing its crucial
role in maintaining the homeostasis of human articular cartilage cells. Li
et al. [48] discovered that Thrombospondin-1 upregulates HSP27 to
enhance the autophagy level of chondrocytes, thereby delaying the
progression of osteoarthritis. These result suggested a close association
between HSP27 and the pathological process of IDD. However, whether
the expression of HSP27 in NP cells is related to cell ferroptosis has not
been reported and elucidated. Thus, we explored for the first time the
effect of HSP27 on NP cells ferroptosis, revealing that knockdown of
HSP27 increases ferroptosis in NP cells, while overexpression of HSP27
mitigates erastin-induced cells ferroptosis. Based on existing research,
erastin is a specific inducer of ferroptosis, inhibiting HSP27 expression
through the heat shock factor 1-dependent pathway in cancer cells [24].
Knockdown of HSP27 enhances erastin-induced ferroptosis, whereas
overexpression of HSP27 inhibits it. Hence, HSP27 acts as a negative
regulator of ferroptosis in cancer cells [25,26,49], consistent with our
findings.

Additionally, this study found that inhibiting HSP27 expression leads
to an increase in ROS levels in NP cells, thereby impairing mitochondrial
function. Existing literature indicates that HSP27 can reduce ROS
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production, effectively preventing oxidative stress damage in cardiac
HO9c2 cells, and this protective mechanism is closely related to the
activation of the Akt signaling pathway, which further enhances cell
survival [50,51]. Furthermore, research has shown that the absence of
HSP27 disrupts mitochondrial function and induces lethal autophagy
(mitophagy), a process that depends on the activity of CerS1 [52].
SQSTM1/P62 promotes lysophagy via formation of liquid-like conden-
sates maintained by HSP27 [53]. Therefore, HSP27 plays a crucial role
in protecting cells from oxidative stress, maintaining mitochondrial
function, and promoting cell survival, which is consistent with our
research findings.

Subsequently, we performed KEGG and GSEA enrichment analysis
and observed significant enrichment in the NF-xB and JAK/STAT
pathways. Existing research indicates that there is a close association
between the activity of the NF-xkB and JAK/STAT pathways and fer-
roptosis [36,37], playing crucial roles in the pathogenesis of IDD
[38-40]. In this study, we discovered that HN significantly alleviated
erastin-induced ferroptosis in NP cells by suppressing the NF-kB and
JAK2/STAT3 signal pathway. This finding echoes the results from
research in cerebrovascular diseases, where HN also reduced the pro-
duction of cytokines such as TNF-a, IL-1p, and IL-6 through NF-«B in-
hibition, exerting neuroprotective and anti-inflammatory effects [54].
Furthermore, in other studies on acute lung injury, HN demonstrated its
ability to suppress the NF-kB pathway, leading to a decrease in the
number of total cells and neutrophils in bronchoalveolar lavage fluid
from mice, as well as reduced secretion of inflammatory cytokines and
levels of ROS and MDA [55]. In a recent study, carried out by Thapak
et al. [56] observed that treatment with HN reduced the levels of
pro-inflammatory and chemotactic cytokines in the plasma of traumatic
brain injury animals while reduced gp-130 and p-STATS3 levels in the
hippocampus. In addition, HN has been shown to prevent a
pro-inflammatory environment in various neurological diseases such as
Alzheimer’s disease, stroke, aging, and metabolic disease [57,58].

Notably, research has also revealed that the activation of the JAK2/
STATS3 signaling pathway by HN results in increased expression of SH3
domain-binding protein 5, which plays a vital role in anti-cell death
activity in neural cells [59]. Additionally, studies have indicated that HN
can reactivate the JAK2/STAT3 signaling pathway through the
PI3K/AKT pathway, exhibiting neuroprotective effects in stroke pa-
tients, hinting at the promising potential of HN as a stroke therapeutic
agent [60]. These experimental results are inconsistent with our find-
ings. This may be due to the fact that they are different mechanisms of
action of JAK2/STAT3 pathways in different diseases. For example,
some studies have pointed out that the activation of JAK2/STAT3
pathways can stimulate the production of matrix-degrading factors such
as PTGS2 and MMP13 in NP cells, thereby accelerating the progression
of IDD [61,62]. However, there are also studies suggesting that the
activation of the JAK2/STAT3 pathway can promote cell proliferation
and thus inhibit cells ferroptosis [63,64].

In the current study, we also found out that the inhibition of the NF-
kB pathway, JAK2/STAT3 pathway, and ferroptosis in NP cells by HN is
partially dependent on the expression of HSP27. We conducted knock-
down experiments of HSP27 in NP cells. The experimental results
revealed that knocking down HSP27 led to an increase in p-P65 nuclear
translocation and a decrease in p-STAT3 nuclear translocation. More-
over, upon the addition of HN to NP cells of shHSP27, we observed a
decrease ability of HN to inhibit p-P65 and p-STAT3 nuclear trans-
location induced by erastin. Similarly, after inhibiting the expression of
HSP27, we continued to explore the effect of HN on erastin-mediated
ferroptosis in NP cells, and found that the ability of HN to alleviate
erastin-induced ferroptosis in NP cells also reduced. In a study by Wang
et al. [65], it was confirmed that specific HSP27 deficiency in car-
diomyocytes exacerbates post-infarction cardiac dysfunction through
NF-kB-mediated leukocyte recruitment. Sims et al. [66] found imatinib
prevents intrinsic resistance by promoting doxorubicin-mediated
NF-kB/p65 nuclear localization and repression of NF-kB targets in a
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STAT3-dependent manner, and by preventing activation of a novel
STAT3/HSP27/p38/Akt survival pathway. Furthermore, the regulation
of the HSP27 pathway has been associated with cellular iron transport
and ferroptosis [24]. Lambrecht et al. [23] confirmed that HSP27 plays a
significant role in maintaining the homeostasis of human articular
cartilage cells. Some studies have shown that HSP27 serves as a novel
regulatory factor in ferroptosis processes in cancer, where its over-
expression can protect glioblastoma cells from erastin-induced ferrop-
tosis [25]. Other studies have indicated that HSP27 restores the
antioxidant activity of PRDX1 by interacting with ANXA2, thereby
reducing cell apoptosis and ferroptosis, thus preventing severe acute
pancreatitis [26]. These studies align with our findings, further sup-
porting the significant role of HSP27 in regulating NF-kB pathway,
JAK2/STAT3 pathway, and ferroptosis in NP cells. This discovery pro-
vides a new perspective for our understanding of the pathogenesis of
IDD and theoretical support for potential therapeutic strategies.

In our study, we further discovered that HN can maintain the mito-
chondrial membrane potential of NP cells and reduce the production of
mtROS, thereby preserving mitochondrial homeostasis and effectively
alleviating erastin-induced ferroptosis in NP cells. Furthermore, we
observed that HN not only maintains the steady state of mPTP and re-
duces the extrusion of mtDNA but also inhibits the expression of TLR9,
thereby reducing the binding of mtDNA to TLR9. Research has shown
that external harmful stimuli can lead to decreased mitochondrial
membrane potential, opening of the mitochondrial permeability tran-
sition pore, and release of mtDNA into the cytoplasm [67]. mtDNA, as a
circular DNA fragment containing unmethylated CpG, can be recognized
by pattern recognition receptors and induce the activation of
damage-associated molecular patterns [68]. Previous studies have
confirmed that the extrusion of mtDNA into the cytoplasm can bind to
c¢GAS and TLRY, thereby mediating the pyroptosis of NP cells [43,44]. In
this study, we unexpectedly found that the binding of mtDNA to TLR9
was significantly reduced after treatment with HN. There have been
studies to confirm that HN can improve ovalbumin-induced asthmatic
airway inflammation by inhibiting the expression of TLR4 [69] and has
been observed to acutely reverse the upregulation of TLR4 in mice with
acute lung injury [55].

Multiple risk factors, including mechanical overload, inflammation,
and nutritional deficiency, can disrupt mitochondrial homeostasis,
which is closely associated with the development of IDD [70]. When
mitochondria are damaged, their normal functions are interfered with,
leading to increased production of ROS, disruption of calcium ion bal-
ance, and leakage of key substances such as cytochrome C and
apoptosis-inducing factors. These pathophysiological phenomena are
considered crucial factors in the loss of NP cells function and the pro-
gression of IDD [71]. HN, as a small peptide, exhibits remarkable abil-
ities in maintaining mitochondrial homeostasis. It plays a significant
protective role within cells by inhibiting the permeability transition of
mitochondrial membranes, reducing ROS production, preserving the
integrity of mitochondrial DNA, and suppressing mitochondrial-related
apoptotic pathways [33,72,73]. This provides important clues and hints
for our deep understanding of the mechanism of HN in alleviating
erastin-induced ferroptosis in NP cells and offers a new and reliable
option for drug therapy for IDD.

In the treatment of IDD, drug-loaded biomaterials are emerging as a
cutting-edge research direction. These materials not only provide
structural support but also facilitate targeted therapy by controlling
drug release, thereby improving the biological environment of the IVD
and effectively slowing disease progression [74]. Currently, common
drug-loaded biomaterials include hydrogels, polymer microspheres, and
nanoparticles. Research has demonstrated that S14G-humanin was
incorporated into lactoferrin (Lf-POS) to develop a novel brain drug
delivery system based on self-assembled poly(ethylene glycol)-poly(D,
L-lactic-co-glycolic acid) (PEG-PLGA) polymersomes conjugated with
Lf-POS [75]. This innovative system holds promise as a brain-targeting
peptide drug delivery platform for intravenous administration, thus
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providing long-lasting neuroprotective effects. Additionally, loading HN
onto nanoparticles has been shown to reduce age-related macular
degeneration. This drug delivery system’s capacity to decrease retinal
cell apoptosis, along with its favorable pharmacokinetics and biocom-
patibility, makes it a promising option for the treatment of age-related
macular degeneration [76]. So, incorporating HN into bioactive mate-
rials such as hydrogels and nanoparticles can substantially improve its
stability and bioactivity, thereby enhancing its potential application in
the treatment of IDD. This approach offers new ideas and strategies for
addressing IDD, warranting further exploration in future research.
However, this study still has several limitations. Firstly, the currently
used animal models of IDD have difficulties in fully simulating the
complex physiological environment of human IDD. But the acupuncture-
induced rat IDD model is a relatively classical model and has been
widely used in the study of IDD [77]. Secondly, during the establishment
of the puncture IDD model, human factors may introduce trauma,
affecting the accuracy of the experimental results. Despite the existence
of various IDD animal models, there is still no ideal model that can fully
simulate the biomechanical environment of human IDD. Finally,
although we collected both degenerated and non-degenerated IVD tis-
sues from human IVD samples (n = 12) and evaluated the expression of
HN and HSP27 using IHC staining and western blot techniques, the
conclusions drawn are still subject to further validation by large-scale
studies due to the limited sample size. Despite the above limitations,
this study still reveals a novel mechanism of HSP27 in the development
of IDD and confirms that HN can regulate the expression of HSP27 to
inhibit ferroptosis and thereby slow down the progression of IDD.
Although HN still has a long way in clinical application, this discovery
undoubtedly opens a new avenue for the treatment of IDD.

5. Conclusion

This study reports for the first time that the expression level of HN is
reduced in IDD. Exogenous HN treatment can induce intracellular HN
expression, which not only inhibits the NF-xB and JAK2/STAT3
pathway but also upregulates the expression of HSP27 to reduce fer-
roptosis in NP cells. Furthermore, Exogenous HN treatment maintains
the mitochondrial homeostasis of NP cells to prevent mtDNA leakage-
induced TLR9 activation, thereby reducing NF-kB pathway activation
and ferroptosis in NP cells. Therefore, HN has the potential to become a
promising drug for the treatment of IDD.
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