
Page 1/23

Heme-induced ferroptosis promotes human lumbar
disc degeneration analyzed by MALDI-TOF MS
Liang Shan 

Shanghai University of TCM: Shanghai University of Traditional Chinese Medicine
Ximing Xu 

The Second Military Medical University
Jing Zhang  (  zhangjing@sioc.ac.cn )

Shanghai Institute of Organic Chemistry
Peng Cai 

Shanghai Institutes of Nutrition and Health CAS: Chinese Academy of Sciences Shanghai Institutes of
Nutrition and Health
Han Gao 

Shanghai University of TCM: Shanghai University of Traditional Chinese Medicine
Yingjie Lu 

Shanghai University of Traditional Chinese Medicine
Jiangang Shi  (  shijiangang616@163.com )

The Second Military Medical University
Yinlong Guo 

Shanghai Institute of Organic Chemistry
Yue Su  (  suyue@shutcm.edu.cn )

Shanghai University of Traditional Chinese Medicine https://orcid.org/0000-0002-4388-7452

Research article

Keywords: disc degeneration, heme-iron, ferropotosis, vasculogenesis, MALDI-TOF MS, biomarker

Posted Date: March 26th, 2021

DOI: https://doi.org/10.21203/rs.3.rs-361502/v1

License:   This work is licensed under a Creative Commons Attribution 4.0 International License.  
Read Full License

https://doi.org/10.21203/rs.3.rs-361502/v1
mailto:zhangjing@sioc.ac.cn
mailto:shijiangang616@163.com
mailto:suyue@shutcm.edu.cn
https://orcid.org/0000-0002-4388-7452
https://doi.org/10.21203/rs.3.rs-361502/v1
https://creativecommons.org/licenses/by/4.0/


Page 2/23

Abstract
Background

Neovasculogenesis is a characteristic of degenerative lumbar discs, which makes extruded tissues
exposed to heme-iron cytotoxicity (increased oxidative stress by ferroptosis). However, the present
analyses for neovascularization are very complicated, and its mechanism of action is rarely reported.

Methods

Matrix-assisted laser desorption/ionization time-of-�ight mass spectrometry (MALDI-TOF MS) was
performed to analyze human degenerative lumbar discs. Then, clinical relevance was analyzed between
MALDI-TOF MS results and P�rrmann classi�cation of degenerative discs. In order to explore the
mechanism, a heme-induced ferroptosis effect was evaluated both at tissue and cell levels using high-
resolution MALDI-TOF MS and molecular biology methods.

Results

The spectra revealed that hemoglobin (Hb) and heme signals were highly increased, thus serving as
biomarkers of vasculogenesis in degenerative tissues. Clinical relevance analysis demonstrated that the
intensity of Hb and heme peaks was closely related to P�rrmann classi�cation of degenerative discs.
Mechanically, increased heme catabolism and down-regulation of glutathione peroxidase 4 (GPX4) levels
were detected in degenerative discs, re�ecting a iron-dependent cell death or ferroptosis. Further, accuracy
mass measurements con�rmed that the levels of ferroptosis-related metabolites such as glutathione,
arachidonic acid (AA), sphinganine, polyunsaturated fatty acid (PUFA), and tricarboxylic acid (TCA) cycle
were signi�cantly different between the degenerative and normal tissues, indicating the interior of
degenerative tissues was a prooxidant environment. Moreover, the heme-induced ferroptosis was veri�ed
in human nucleus pulposus cells, and the underlying mechanism might be associated with the Notch
pathway.

Conclusions

The neovascularization in degenerative discs may expose the tissues to high heme toxicity, which further
induces the ferroptosis effect within the tissues and accelerates the degeneration progression of discs.
This study is bene�cial for the pathological mechanism in degenerative discs and facilitate the
development of non-operative intervention for lumbar disc herniation (LDH).  

Introduction
Lumbar disc herniation (LDH) is a common cause of chronic low back pain, with a lifetime prevalence of
84%, of which 11% of patients suffer serious disability due to LDH (Yao et al. 2020). Disc degeneration is
a primary reason of LDH which is in�uenced by many factors including: age, histological structure,
biomechanics, genes, in�ammation, and osteoporosis (Qiu et al. 2020; Doraisamy et al. 2002; Petra et al.
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2020). In 1993, neovascularization was �rst observed in degenerative discs of LDH patients by
histological staining, and this phenomenon was closely related to age and disease duration (Yasuma et
al. 1993). Vasculogenesis may be a repair process after disc injury, and also has a role in promoting
tissue degradation (Xiao et al. 2020). But, the mechanism of vasculogenesis in disc degeneration still
kept unclear.

A histological feature of impaired discs is the formation of vascularized granulation tissues from the
nucleus pulposus to the annulus �brosus along pathological tears of extruded tissues (Arai et al. 2000).
In immature neovascularization, Hemoglobin (Hb) is liberated from extravasated red blood cells (RBCs).
Then, the oxidation of Hb to ferrylhemoglobin (ferrylHb) resulted in the release of heme moieties
(ferriporphyrin), a major source of intracellular iron (Nagy et al. 2010). Heme-iron constitutes the
prosthetic group for proteins that in�uences many fundamental biological processes, including
catalyzing free radical reactions within cells, signal transduction, respiration, and energetic homeostasis
(Jeney et al. 2002; Hower et al. 2009; Yin et al. 2007). The aberrant accumulation of bio-iron will lead to
nonapoptotic cell death caused by iron-dependent oxidative damage (ferroptosis), which is mainly
characterized by reduced cell volume and increased mitochondrial membrane density (Dixon et al. 2012).
Heme-induced ferroptosis is related to many acute traumas and chronic degenerative lesions, such as
atherosclerotic process (Nagy et al. 2010), malignant tumors (Buss et al. 2004), and neurodegenerative
disease (Zhang et al. 2020).

We considered that vascularized granulation tissues in degenerative discs were similar to hemorrhaged
atherosclerotic plaques, thus neovasculogenesis must be implicated in many pathological changes of
LDH. However, the current analysis was still lacked for neovasculogenesis in degenerative discs. Unlike
tumor tissues with abundant vessels, it was di�cult to obtain the vascularized zone during sectioning in
newly-vascularized granulation tissues in discs, which greatly affected the reliability of results.
Additionally, in the progression of disc degeneration, a decrease in nucleus pulposus water was
concomitant with the degeneration of proteoglycan and collagen, causing discs to shrink and become
�oppy (Arai et al. 2000). Hence it was a challenge to obtain structured histology sections in practice.

Matrix-assisted laser desorption/ionization time-of-�ight mass spectrometry (MALDI-TOF MS) has
advantages of lower-cost and automation, and has made considerable advances in the research of
cancer, cardiovascular diseases, and infectious diseases (Wang et al. 2011; Wieczorek et al. 2020; van
Smaalen et al. 2019). The direct analysis of body �uids or tissue samples using MALDI-TOF MS can
identify speci�c biomarkers and further reveal the characteristic pathological changes of diseases (Grand
et al. 2014).

In this study, MALDI-TOF MS was used to directly analyze degenerative discs and normal control discs
aiming to �nd differentially expressed molecules that could rapidly and accurately assess
vasculogenesis. Importantly, a heme-induced ferroptosis mechanism was �rstly proven to involved in disc
degeneration both at tissue and cell levels.
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Materials And Methods

Patients and tissue samples
All patients accepted informed consent before enrollment. The study was conducted in accordance with
the Declaration of Helsinki, and the protocol was approved by the Medical Ethics Committee, Shanghai
Changzheng Hospital. Clinicopathological characteristics of patients were shown in Table 1.
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Table 1
Clinicopathological characteristics of LDH patients and control

patients with tethered cord syndrome.
No. Sample Gender Ages P�rrmann Segment

1 475 female 18 TCS L4/L5

2 854 male 18 TCS L4/L5

3 877 male 28 TCS L3/L4

4 560 female 36 TCS L4/L5

5 407 female 18 TCS L1/L2

6 382 female 18 TCS L2/L3

7 975 female 18 TCS L3/L4

8 884 male 19 TCS L2/L3

9 004 male 19 TCS L3/L4

10 961 female 51 4 L4/L3

11 532 male 40 3 L4/L5

12 570 male 22 3/4 L4/L5

13 973 female 28 4 L4/L5

14 988 male 62 4 L4/L5

15 017 male 63 4 L3/L4

16 404 male 63 3 L3/L4

17 090 female 67 3/4 L5/S1

18 535 male 37 3 L3/L4

19 557 male 64 4/5 L3/L4

20 602 male 56 4/5 L4/L5

21 039 male 55 4 L4/L5

22 045 female 67 4 L4/L5

23 019 female 47 4 L4/L5

24 100 female 54 4/5 L2/L3

25 001 female 54 3 L4/L5
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Cell culture
The human primary nucleus pulposus cells (HNPCs) were provided by Shanghai YCBIO Co., Ltd. Cells
were cultured in DMEM with 10 % fetal bovine serum and 1 % penicillin-streptomycin at a 37 ℃ cell
culture incubator with 5 % CO2. Hb (Sigma, H7379), heme (Sigma, 51281), deferoxamine mesylate salt
(DFO) (Shycbio, Y1310), and ferric ammonium citrate (FAC) (Sigma, F5879) were dissolved with DMEM
to a �nal concentration of 20 mg/mL. Feroptosis inducer erastin (Sigma, E7781) was dissolved with
DMSO to a �nal concentration of 1 mg/mL. Storing at 4℃ for short-term use.

Protein extraction
After thawing, tissues were washed twice in deionized water to remove blood contamination on the
surface. Then, samples were minced with scissors on ice and homogenized in RIPA buffer (Solarbio,
R0010) containing 1 % phenylmethylsulfonyl �uoride (PMSF) at a ratio of 10 µL/mg. After that,
homogenates were lysed at 4 ℃ for 30 min, then, centrifuged at 12000 g for 30 min at 4 ℃. For cell
protein extraction, cells were lysed after treating with a series concentration of regentsextra for 24 h, then,
centrifuged at 12000 g for 30 min at 4 ℃. Supernatants were collected as protein samples and stored at
-80 ℃ until use.

MALDI-TOF MS analysis
The matrix was dissolved with a 1:1 mixture of acetonitrile and water (0.1 % tri�uoroacetic acid) to a �nal
concentration of 10 mg/mL. Sinapic acid was used as the matrix for Hb analysis, and dihydroxybenzoic
acid was used as the matrix for heme analysis. Before MALDI-TOF MS analysis, 1.5 µL of mixture
containing protein samples and matrix solution (1:40) was spotted on a MALDI plate and dried at room
temperature. For Hb analysis, the spectra were collected using an Shimadzu biotech lauchpad MALDI-
TOF MS (Shimadzu, Japan) equipped with a high-mass detector (CovalX AG, Switzerland) in Linear-
CovalX mode. For heme analysis, the spectra were collected using an Shimadzu biotech lauchpad
MALDI-TOF MS (Shimadzu, Japan) in Re�ectron mode. Ionization was achieved using a N2 laser (337
nm) and 100 laser shots for each mass spectrum. The spectra were calibrated using external standards.

Accuracy mass of metabolites (m/z = 50-1000) were analyzed by MALDI Spiral TOF-TOF MS (JEOL,
Japan) in Spiral mode. Ionization was achieved using a Nd:YLF laser (349 nm) and 2000 laser shots for
each mass spectrum. Then, Human Metabolome Database (HMDB) (http://www.hmdb.ca/) were used to
further identify potential biomarkers.

Western blotting analysis
Protein concentrations were tested by BCA Protein Assay Kit (Beyotime, P0012i). 20–30 µg of total
protein was separated by 10 % SDS-PAGE (EpiZyme, pg112) and then transferred onto nitrocellulose
membrane (Pall, 66485). Non-speci�c sites were blocked with 5 % non-fat milk in phosphate buffer saline
(0.1 % Tween-20) at room temperature. Next, blots were incubated overnight at 4 ℃ with primary
antibodies which were listed as follows: anti-Hb α (Santa Cruz, sc-514378), anti-Hb β (Santa Cruz, sc-
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21757), anti-CD31 (A�nity, AF6191), anti-Glutathione Peroxidase 4 (GPX4) (A�nity, DF6701), anti-Heme
Oxygenase-1 (HO-1) (A�nity, AF5393), anti-Bcl2 (ImmunoWay, YM3041), anti-Bax (ImmunoWay, YT0455),
anti-Notch1 (Cell Signaling Technology, #3608), anti-Jag1 (Cell Signaling Technology, #70109), anti-Hes1
(Abcam, ab108937), anti-Hey1 (Abcam, ab154077), and anti-β-actin (A�nity, AF7018). The next day, blots
were incubated by horseradish peroxidase (HRP) conjugated secondary antibodies (A�nity, s0001) and
visualized by New Super ECL Assay (KeyGen BioTECH, KGP1128).

Cell viability analysis
10000 cells were inoculated in 96-well plates and treated for 24 h. After that, the old medium was
replaced with 10 µl CCK-8 (Dojindo, CK04) and 100 µl DMEM, and then cells were incubated for 1 h at 37
℃. The optical density (OD) at 450 nm was read using a microplate reader.

Immunohistochemistry (IHC)
Disc tissues were embedded in para�n blocks and then cut into 7 µm sections. For IHC, One-Step IHC
Assay (KeyGen, KGOS60) were used to stain 7µm thickness, and the para�n sections were incubated
with anti-GPX4 (A�nity, DF6701) and HO-1 (A�nity, AF5393).

qRT- PCR
Total RNA was extracted using TRIzol Reagent, and cDNA was synthetized with a RevertAidTM First
Strand cDNA Synthesis Kit (Fermentas, Vilnius), then, qPCR was performed using The PCR Ampli�cation
Kit (Takara, R011). The speci�c primers are listed in Table 2.
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Table 2
Primers used for qRT-PCR.

Name Sequences (5’-3’)

GAPDH-F AACAGCCTCAAGATCATC

GAPDH-R ACTGTGCAACCGTCACCC

Notch1-F CAAAGTGTCTGAGGCCAG

Notch1-R GTGAGTAAGACCAACAGC

Notch2-F CTGCATGAACCATGGTCT

Notch2-R ACCGTTCCTAACCGTTCC

Jag1-F CAAGTGCACCCGCGACGA

Jag1-R CCGTCGTGCTACGCCAAC

Jag2-F CGCTGCGGAACGTGAACG

Jag2-R GGAACCGGACCATGAGGA

Hes1-F CGGCTGCGCTGAGCACAG

Hes1-R CGCGCTTGCCGCGCACGA

Hes2-F CTGCCTGGTCACTGCTCT

Hes2-R CGGATCCTCACCTCCACT

Hey1-F AGCAAGGATCTGCTAAGC

Hey1-R GCATCAACAACTCTACGC

 

Statistical analysis
Comparisons between two populations were performed using two independent sample t-test. Differences
between treatment group and control group were analyzed with student's t-test. Principal component
analysis (PCA) and receiver operating curve (ROC) were performed on the MALDI-TOF MS data using the
SPSS 21.0 (SPSS Inc., USA). P value less than 0.05 was considered statistically signi�cant.

Results

Hb signals were highly increased in degenerative discs
compared to normal discs
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First tissue lysates from degenerative discs were analyzed by MALDI-TOF MS combined with a high-
mass detector. As shown in Fig. 1a, some high intensity peaks were observed in the high-mass range
(10–100 kDa). Through further analyzing the spectra of Hb standard, tissue lysates, and their mixture,
these peaks were �nally identi�ed as Hb-related peaks. The protein peaks with m/z value of 16300 and
17100 were from Hb α and Hb β respectively, which were subunits of Hb (Fig. 1b). Then, we observed that
Hb-related peaks clearly illustrated different intensity in the two kinds of tissues (Fig. 1c).

Normal discs are avascular tissues, while the variability of Hb contents in various tissues is one of
indicators to assess vasculogenesis (Orellano et al. 2020). For this reason, high abundances of Hb may
be of major value in the diagnosis of vasculogenesis in degenerative discs. To verify this, 13 cases of
degenerative discs and 9 cases of normal disc tissues were further analyzed by MALDI-TOF MS
combined with the high-mass detector. Figure 1d showed that Hb-related peaks with m/z value of 16300,
16500, 16700, 17100, and 17300 were differentially up-regulated in degenerative and normal discs (P < 
0.01), except the protein peak with m/z value of 17700, suggesting high abundances of Hb were speci�c
pattern in degenerative discs. Next, the high dimensional mass spectrometry (MS) date were processed
using PCA. The �rst (83.2 %) and the second (13.4 %) principal components were chosen for
visualization. As shown in Fig. 1e, clear separation of degenerative discs and normal control discs was
obtained. The data classi�ed into normal and diseased groups exhibited variations, indicating the
heterogeneity between these two groups. In order to further explore the diagnostic value of various Hb-
related peaks in degenerative discs, we used the ROC for analyzing MS data. As expected, the ROC
analysis revealed positive ability of the 5 protein peaks to predict vasculogenesis in degenerative discs
(Fig. 1f). In conclusion, these results demonstrated that Hb might be a candidate marker for
vasculogenesis in degenerative discs.

Speci�c increase of heme contents in degenerative discs
In practice of clinical diagnosis, the analysis of large proteins is much more complicated than that of
small molecule compounds. In this study, a commercial high-mass detector was incorporated with
MALDI-TOF MS to detect intact high abundance proteins in human discs, although it had the advantages
of celerity and accuracy, the cost was quite high. Accounting for this, the detection range of MS was
extended to the low-mass range (100–2000 Da) in order to screen small markers that were more suitable
for clinical and experimental applications. The heme is the prosthetic group of Hb. Results from MALDI-
TOF MS showed that the peak intensity of heme (m/z = 616.4) was also high in these samples with high
Hb levels, suggesting the contents of heme in discs could directly re�ect Hb levels (Fig. 2a). Figure 2b
indicated that the heme and its isotopes had evaluated levels in degenerative discs compared to the
normal control. Then, the intensity of heme-related peaks in 10 cases of degenerative discs and 6 cases
of normal discs was further detected. Visualized scatter plots indicated signi�cant differences in the total
intensity (Fig. 2c) and average intensity (Fig. 2d) between these two groups. It showed that the heme was
speci�cally increased in degenerative discs, which was also consistent with the analysis results of Hb,
and once again revealed pathological features of vasculogenesis in degenerative discs. Moreover, ROC
curves were performed to assess diagnostic value of heme in degenerative discs. In this model, all data
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had good diagnostic accuracy, and one data predicted degeneration with sensitivity of 80% and
speci�city of 85.7% (Fig. 2e).

Hb and heme levels are positively correlated with P�rrmann
classi�cation of disc degeneration
Clinically, disc degeneration is graded according to the alteration in T2WI signal of parasagittal MRI
images of dysfunctional segments combined with P�rrmann classi�cation. As shown in Fig. 3a, the
nucleus pulposus with P�rrmann’s grade 1 was uniform and well demarcated with the annulus, while the
nucleus and annulus with P�rrmann’s grade 3 or 4 were poorly de�ned margins. The signal of
degenerative discs with P�rrmann’s grade 3 or 4 was reduced and became gray-black in MRI images. In
order to verify the correlation between the vasculogenesis and the clinicopathology in degenerative discs,
tissues were tested using MALDI-TOF MS and comparisons were performed with representative MRI
images before surgery. The intensity of Hb-related peaks in degenerative discs with P�rrmann’s grade 3 or
4 was signi�cantly higher than that in discs with P�rrmann’s grade 1 (Fig. 3b). Hb was increased as a
result of vasculogenesis, accordingly, vasculogenesis might be closely associated with LDH progression.
Furthermore, a similar result was observed for heme analyzed by MALDI-TOF MS. Results from Fig. 3c
revealed that peak intensity of heme in degenerative discs with P�rrmann’s grade 3 or 4 was signi�cantly
higher than that in discs with P�rrmann’s grade 1.

High abundances of Hb and heme induce ferroptosis in
degenerative tissues
The avascular tissue discs might be not responsible for initiating disc degeneration, but, secondary
vasculogenesis could further promote the degeneration progression. As shown in Fig. 4a, heme was
formed by iron and porphyrin. The heme-iron in Hb was very stable because of the tight arrangement of
molecule. But, the non-protein-bound heme was hydrophobic and could enter cell membranes easily. As a
result, heme was degraded by HO-1 to yield free iron, which was able to enhance oxidative stress and
induce ferroptosis in cells. Interestingly, MALDI-TOF MS results indicated the increase of Hb was
accompanied by the formation of crosslinked Hb, a marker of precedent formation of ferrylHb, implying
Hb was oxidized and heme-iron dissociated from the resultant ferrylHb (Fig. 4b). It was tempting to
speculate that the released iron could further induce oxidative stress and ferroptosis in degenerative
discs. To test this, WB was performed to analyze the levels of Hb α, Hb β, the endothelial marker CD31,
HO-1, and the ferroptosis suppressor GPX4 in 5 cases of degenerative discs and 3 cases of normal discs.
As shown in Fig. 4c, consistent with MALDI-TOF MS results, degenerative tissues had increased Hb α and
Hb β protein levels as compared with the normal group. The CD31 was signi�cantly over-expressed in two
cases of degenerative tissues, while it was almost not expressed in the control group, which also veri�ed
the reliability of above results based on MALDI-TOF MS. Meanwhile, HO-1, a response for heme
catabolism, was highly expressed in the two degraded tissues with high CD31 levels, which could induce
reactive oxygen species (ROS) production and ferroprosis in degenerative discs (Fig. 4c). Moreover, IHC
results shown that although the cell number was signi�cantly decreased and histological structure was
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lost, we still observed the speci�c expression of HO-1 and GPX4 proteins in degenerative discs compared
to normal discs (Fig. 4d).

Finally, ROS related metabolites in degenerative and normal discs were identi�ed by high-resolution
MALDI-TOF MS. As shown in Fig. 4f, normal discs were closed avascular tissues, in which the number
and the intensity of detectable metabolites were signi�cantly less than that of degenerative discs.
Through accuracy mass measurements, a total of 28 endogenous metabolites were identi�ed in
degenerative discs and all these metabolites were used as ferroptosis-related metabolic pathways
involving in glutathione metabolism, glycine metablism, arachidonic acid (AA) metabolism, sphinganine
metabolism, polyunsaturated fatty acid (PUFA) metabolism, and tricarboxylic acid (TCA) cycle. These
results suggested a state of high oxidative stress in the interior of degenerative discs, which would further
accelerate the disc degeneration.

Heme induces ferroptosis in human nucleus pulposus cells
In order to con�rm the effects of heme-iron on discs, the cell viability was tested after treating with
differing concentration of heme in HNPCs, and erastin and FAC were used as ferroptosis positive
controls. As seen in Fig. 5a-c, the inhibitory effects of heme, FAC, and erastin on cell viability were dose-
dependent in HNPCs. As shown in Fig. 5d-f, GPX4 protein levels were also found decreased after treating
with heme, FAC, and erastin in HNPCs, indicating all three could induce intracellular ROS and cell death.
The anti-apoptotic molecular Bcl-2 and pro-apoptotic molecular Bax marked the occurrence of cell
apoptosis. Results from Fig. 5d also showed that Bcl-2 protein levels were down-regulated when treated
with 20 µg/ml heme in HNPCs, whereas Bax levels were increased when treated with 10 µg/ml heme in
HNPCs. Based on the results of Fig. 5a, we could deduced that heme-induced ferroptosis occurred before
apoptosis in HNPCs. Furthermore, in HNPCs, ROS related metabolic pathways in HNPCs were identi�ed
by high-resolution MALDI-TOF MS after heme, FAC, or erastin treatment (Fig. 5g). Similar to the analysis
results at tissue levels, the number and the intensity of detectable metabolites were signi�cantly
increased after heme and FAC treatment in HNPCs. These differentially expressed metabolites are
involved in glutathione metabolism, glycine metablism, AA metabolism, sphinganine metabolism, PUFA
metabolism, and TCA cycle. The number of detectable metabolites in the erastin group was also
decreased compared to heme and FAC groups. The reason was that the inhibitory effects of erastin on
HNPCs were higher, and high death rates among cells weakened the MS signals (Fig. 5g).

Although heme induced a decrease in cell viability, this event could be signi�cantly rescued by
cotreatment with DFO, demonstrating heme-induced cell death was iron-dependent (Fig. 5h). Also, our
results con�rmed that heme-mediated inhibition of GPX4 protein could be rescued by DFO in HNPCs
(Fig. 5h).

Heme-induced ferroptosis might be mediated by Notch
pathway in HNPCs
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Since numberous studies have reported that inhibition of Notch signaling pathway were involved in disc
degeneration (Xiong et al. 2020; Long et al. 2019), we then investigated the related protein and mRNA
changes in Notch signals after heme treatment. As depicted in Fig. 6a-b, there were signi�cant changes in
protein and mRNA levels of Notch1, Notch2, Jag1, Jag2, Hes1, Hes2, and Hey1 after heme treatment in
HNPCs. Notably, we also found heme-induced inhibition of Notch-related molecules could be effectively
rescued by DFO cotreatment. These results suggest that disc degeneration induced by heme-iron might
be associated with the Notch signaling pathway.

Discussion
Although the accompanying vasculogenesis in the progression of disc degeneration had been observed a
long time ago, traditional methods cannot accurately de�ne the histopathological changes in
degenerative discs. MALDI-TOF MS can quickly monitor the m/z of moleculars and provide mass
information. It does not require chemical reagents to react with speci�c molecules in samples, thereby
avoiding false positive or false negative results (van Smaalen et al. 2019; Grand et al. 2014). In this study,
MALDI-TOF MS was combined with a high-mass detector which would not induce saturate effects in the
presence of complex mixture over a broad mass range. Meanwhile, Our result was believed to be not
affected by blood contamination because all samples were washed before extraction and prepared with a
standard assay. Moreover, noticeable was that Hb polymers were detected in degenerative discs using our
high-mass detector, marking the formation of ferrylHb (oxidized Hb), which make heme-iron dissociated
from ferrylHb11. Then the release of iron further leads to endogenous oxidative stress and ultimately to
cytotoxicity (Sardar Pasha et al. 2021; Gbotosho et al. 2020). Results from MALDI-TOF MS demonstrated
that both Hb and heme contents were positively correlated with P�rrmann classi�cation of disc
degeneration. Based on this, we proposed that heme-induced ferroptosis involved in the process of disc
degeneration.

Ferroptosis is mainly induced by the inactivation of membrane lipid repair enzyme-GPX4, which caused
the accumulation of ROS on membrane lipids, and this process is iron depend (Forcina et al. 2019). HO-1,
a key enzyme for heme-iron degradation, also plays the dual role of pro-oxidation and anti-oxidation.
Studies have shown that HO-1 could not only enhance the chemotherapeutic sensitivity of cancer cells,
but also induce cell death by regulating iron homeostasis (Waza et al. 2018). HO-1 were also highly
expressed in human smooth muscle cells and macrophages of atherosclerotic lesions11. As expected, in
this study, elevated levels of GPX4 and HO-1 were found in degenerative tissues compare with normal
discs, indicating a state of high oxidative stress in the interior of degenerative discs.

Erastin can inhibit the cystine-glutamate transporter on the membranes and reduce the cystine uptake by
cells, which hinders the synthesis of glutathione, the substrate of GPX4. Finally, ferroptosis is usually
produced as a result of lipid ROS generation (Forcina et al. 2019). Our results showed heme induced the
same cell death effects as the erastin and FAC. Signi�cantly, heme-induced ferroptosis could be rescued
by DFO in HNPCs, and this results might provide some ideas for the non-surgical intervention of LDH,
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perhaps clinically, it was possible to delay the disc degeneration by inhibiting vasculogenesis or
regulating iron metabolism in LDH patients.

Notch signals is involved in multiple cellular processes, including cell survive, differentiation, apoptosis,
and regeneration (Siebel et al. 2017). Besides, Notch signals is crucial for chondrogenesis and cartilage
development (Hardingham et al. 2006). Recent studies have reported Notch could promote proliferation
and inhibit apoptosis in cells derived from degenerative discs (Long et al. 2019). The expression levels of
Notch also increased in the disc cells of patients with different Modic changes (Xiong et al. 2020). Our
studies suggests disc degeneration induced by heme-iron is mediated by Notch signaling pathway, which
will be a promising target to redirect degeneration for LDH therapy. This mechanism was presented in
Fig. 7.

Conclusions
Our �ndings suggest that high levels of Hb and heme can be used to mark neovasculogenesis in
degenerative discs, which further promote disc degeneration through heme-iron dependent cell death.
These results are useful for in-depth study of degenerative pathology, and will provide new ideas for
conservative treatment of LDH patients, such as intervention in vasculogenesis.
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Figure 1

The abundances of Hb in degenerative discs are higher than that in normal discs analyzed by MALDI-TOF
MS. (a) MS spectra of total protein lysates measured by the high-mass detector. (b) The spectra of Hb
standard (1), tissue lysates (2), and their mixture (3) measured by the high-mass detector. (c) The spectra
of tissue lysates from degenerative discs and normal discs measured by the high-mass detector. (d)
Scatter plot of the Hb-related peak intensity in 13 cases of degenerative discs and 9 cases of normal
discs measured by the high-mass detector. Data were represented with GraphPad Prism 5.02. **P<0.01.
(e) The PCA clustering diagram of 13 cases of degenerative discs and 9 cases of normal discs. (f) The
ROC curve analysis of 6 Hb-related peaks in 13 cases of degenerative discs and 9 cases of normal discs.
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Figure 2

Speci�c increase in heme content in degenerative discs analyzed by MALDI-TOF MS. (a) MS spectra of
total protein lysates at low-mass range. (b) The spectra of tissue lysates from degenerative discs and
normal discs at low-mass range. (c-d) The total intensity (c) and average intensity (d) of the heme and its
isotope peaks in 10 cases of degenerative discs and 6 cases of normal discs, Data were represented with
GraphPad Prism 5.02. **P<0.01. (e) The ROC curve analysis of heme peaks in 10 cases of degenerative
discs and 6 cases of normal discs.
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Figure 3

Hb and heme levels are positively correlated with the P�rrmann classi�cation of disc degeneration. (a)
Representative MRI images from 3 LDH patients and 3 control patients with tethered cord syndrome. (b)
The spectra corresponding to MRI images measured by the high-mass detector. (c) The spectra
corresponding to MRI images at low-mass range.
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Figure 4

High abundances of Hb and heme induce ferroptosis in degenerative tissues. (a) Heme degeneration
catalyzed by HO-1. (b) Hb polymers were detected by MALDI-TOF MS in degenerative discs. (c) The
protein levels of CD31, HO-1, Hb α, and Hb β in 5 cases of degenerative discs and 3 cases of normal
discs. (d) HO-1 and GPX4 protein levels in degenerative and normal tissues as determined by
immunohistochemical analysis. The representative IHC images were taken at a magni�cation of 200×.
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(e) Identi�cation results of ROS and ferroptosis-related metabolites in degenerative and normal discs
using high-resolution MALDI-TOF MS.

Figure 5

Heme induces ferroptosis in human nucleus pulposus cells. (a-c) Cell viabilities were measured by CCK-8
in HNPCs treated with heme (a), FAC (b), and erastin (c) at the concentrations of 0, 5, 10 ,20, 40, 60, 80,
and 100 μg/mL for 24 h. Data was represented with GraphPad Prism 5.02. (d-f) The protein levels of
GPX4, Bcl-2, and Bax in HNPCs treated with heme (d), FAC (e), and erastin (f) at the concentrations of 0, 5,
10, and 20 μg/mL for 24 h. (g) Cell viabilities were measured by CCK-8 in HNPCs after 20 μg/mL heme
treatment for 24 h with or without 30 μg/mL DFO pretreatment for 1h (upper), and the protein levels of
GPX4 in HNPCs after 20 μg/mL heme treatment for 24 h with or without 30 μg/mL DFO pretreatment for
1 h (lower). (H) Identi�cation results of ROS and ferroptosis-related metabolites in HNPCs after treating
with 20 μg/mL heme, 20 μg/mL FAC, and 10 μg/mL Erastin for 24 h using high-resolution MALDI-TOF
MS.
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Figure 6

Changes of Notch signaling pathway after heme treatment in HNPCs. (a) Notch-related mRNAs were
measured by qRT-PCR in HNPCs after 20 μg/mL heme treatment for 24 h with or without 30 μg/mL DFO
pretreatment for 1h. Data was represented with GraphPad Prism 5.02. *P<0.05, **P<0.01. (b) Notch-
related proteins were measured by western blotting analysis in HNPCs after 20 μg/mL heme treatment for
24 h with or without 30 μg/mL DFO pretreatment for 1h
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Figure 7

A potential mechanism of heme-iron on inducing ferroptosis and degeneration of human lumbar discs.


