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Background: It is well established that discogenic low back pain (DLBP) is often caused by the inflammatory response during 
intervertebral disc degeneration (IDD). However, it remains unclear how inflammatory mediators such as Interleukin-6 (IL-6) are 
involved in discogenic pain caused by degeneration and intervertebral disc (IVD) metabolism. The purpose of this study is to study the 
relationship between IL-6 and Transmembrane protein 100 (TMEM100), and to analyze the different metabolites and metabolic 
pathways in various rat intervertebral discs by metabonomics.
Methods: We established a rat model of IDD-DLBP by disc punctures and PBS infusion to examine the rat pain behaviors. 
Intervertebral disc tissues were harvested for molecular biology experiments to explore the relationship between IL-6 and 
TMEM100. High-resolution mass spectrometry (HRMS) was performed for untargeted metabolomics, and nuclear magnetic resonance 
spectroscopy metabolomics (MRS) for differential metabolites and metabolic pathways.
Results: The results showed a significant decrease in vonFrey test, hot plate test and acetone test (P < 0.05). The expression of IL-6 
and TMEM100 in DLBP model was significantly higher than that in sham control group and IDD discs without PBS infusion group 
(P < 0.05). There were 15 major contributing metabolites identified in the DLBP intervertebral discs through metabolomic studies, 
involving 6 major metabolic pathways. The main differential metabolites included nitric oxide (NO), ammonia, and lactic acid as the 
metabolic endpoints; and the differential metabolic pathways included the glycine-serine-threonine (Gly-Ser-Thr), which is gradually 
weakened with the progression of inflammation.
Conclusion: The change of TMEM100 expression mediated by il-6 is related to the Gly-Ser-Thr metabolic axis and plays an 
important role in the relief of discogenic pain.
Keywords: metabolomics, DLBP, IDD, IL-6, TMEM100, inflammatory mediators

Introduction
Discogenic low back pain (DLBP) is a chronic intractable pain caused by intradiscal rupture.1 Current evidence suggests 
that more than 600 million people worldwide will suffer from DLBP at some time in their lives, and the treatment of low 
back pain has become a significant economic burden for this patient population.2 Various factors have been established to 
cause DLBP, among which intervertebral disc degeneration (IDD) is one of the common causes of low back pain.3 It has 
been reported that up to 42% of low back pain is related to intervertebral disc disease.4
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It is well established that the causes of DLBP are endplate injury, radial rupture of inner annulus fibrosus, degradation 
of intervertebral disc matrix, inflammatory reaction of intervertebral disc stroma, and persistent production of inflam-
matory mediators during pain.5 IDD is caused by chemical stimulation of nerve endings of the outer annulus fibrosus. IL- 
6 is an important inflammatory mediator that participates in immune and inflammatory responses. An ample body of 
evidence suggests that IL-6 is highly expressed in degenerative intervertebral discs and adjacent dorsal root ganglion 
(DRG).6 TMEM 100 is a pain signal modulator expressed in DRG discovered in recent years that mainly localized to 
calcitonin gene-related peptide (CGRP)-positive peptide neurons in DRG and trigeminal ganglia, and its expression is 
reportedly increased in inflammatory pain.7,8 Little is currently known about the relationship between IL-6 and 
TMEM100, nor is the relationship and expression of the two in discogenic pain caused by IDD.

Clinically, DLBP is mainly diagnosed by magnetic resonance imaging (MRI).9 Nonetheless, the metabolism and 
interaction mechanism of related substances in the intervertebral disc of DLBP patients remain largely understudied. 
Therefore, metabolomic studies are crucial for diagnosing DLBP caused by degeneration.

In this study, we established a DLBP–IDD rat model to explore the expression differences of IL-6 and TMEM100 in 
DLBP. Mass spectrometry and nuclear magnetic resonance (NMR) metabolomics methods were used to explore the 
metabolic characteristics and differences between DLBP and IDD and then analyze the causes and mechanisms of pain 
degeneration.

Materials and Methods
Experimental Animals and Ethics Statement
Thirty-six healthy male SD rats (Animal body weight 561 ± 30.1 g) were purchased from the Animal Experimental 
Breeding Center of Jinan City, Shandong Province. Animals were housed under appropriate temperature and light- 
controlled conditions (22±2°C, 12 h light-dark cycle), and rodent food and water were provided ad libitum. All 
experimental procedures were carried out in accordance with the National Institutes of Health Guide for the Care and 
Use of Laboratory Animals (NIH Publications No. 8023, revised 1978), and the procedures were all approved by the 
Ethics Committee of Qingdao University (approval number: QDU-AEC-2022098 and QDU-HEC-2022056) and the 
Ethics Committee of the Affiliated Hospital of Qingdao University (approval number: QDFY-19-012-03) and ensure that 
it is carried out in accordance with relevant guidelines and regulations.

Treatment and Grouping of Experimental Animals
SD rats were divided into 3 groups, with 12 rats per group. Group A rats underwent sham procedure to only puncture the 
paraspinal muscles at the L4-S1 level, but did not puncture the IVD. Groups B and C rats were slowly inserted into the 
intervertebral disc of L4-S1 from the back under the guidance of ultrasound using Hamilton syringe (27g). The puncture 
point was between the transverse process and the superior articular process, with a 45° angle between the needle and the 
horizontal plane. X-ray examination of anterior and posterior lumbar vertebrae confirmed that the needle was located in 
the central area of IVD. For animals in Group B, 2.5μL of sterile saline (PBS) was infused into the nucleus pulposus (NP) 
area after the NP multiple ruptured by the needle. Group C rats only underwent multiple needle punctures of the 
intervertebral disc without saline injection. After the procedure, the rats were placed under a warm lamp and returned to 
their cage to recover. Four weeks later, the successful establishment of the model was confirmed by the 3.0T magnetic 
resonance imaging (MRI) T2WI sequence. Three segments of the experimental intervertebral disc tissues were extracted 
from groups A to C (12 rats per group and 3 intervertebral disc tissues from each rat, leading to a total of 108 
intervertebral disc tissues). In the harvested samples, nucleus pulposus (NP) and annulus fibrosus (AF) were dissected 
and stored at −80 in a freezer. At the same time, the dorsal root ganglia (DRG) of the L4-S1 segments of the three groups 
were dissected, extracted, and stored in-80°C.

Animal Pain Behavior Test
Mechanical hyperalgesia (von Frey test) was tested using a method described by Chaplan et al10 after the rat was adapt 
on a metal net for 30 minutes, a set of calibrated von Frey filaments with a bending force of 0.02g to 6.0g were applied to 
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the hind paw of the foot, and rapid lifting of the foot was recorded as a positive reaction. If no response was observed, 
a second filament was applied. The mechanical retraction threshold of the left and right rear claws was measured, and the 
average value of the left and right sides was calculated.

A hot plate was used to test the pain threshold of thermal stimulation of rats in each group (hot plate test). After 
setting a hot plate temperature to stabilize at 55°C, the rat was placed on the hot plate. The timer was started until licking 
of the back paw and jumping was observed. Each rat was tested twice to average the nociceptive threshold.

The cold pain response was evaluated by acetone test as previously described by Yoon et al.11 A syringe was used to 
expose the skin of the rat’s hind paw to acetone (20 µL), and the timer was started. We recorded the total time spent from 
touching the skin with acetone to observing the behavior induced by cold stimulation within one minute. The reaction 
time of left and right claws of the animal was tested and recorded.

Western Blot (WB) Analysis
The tissue was lysed, and protein was extracted by radioimmunoprecipitation (RIPA) cleavage buffer (Solarbio, Beijing, 
China). The concentration of proteins was determined by a BCA kit (Elabscience). The separation gel and concentrated gel 
were prepared and sampled according to the determined concentration, then transferred to the polyvinylidene fluoride 
(PVDF) membrane after electrophoresis and sealed with 5% skimmed milk powder for 1 hour. Primary antibody was added 
to the PVDF membrane and incubated overnight at 4°C (Table 1). The antibodies used were IL-6 (AffinityBiosciences), 
TMEM100 (Origene) and ß-actin (Elabscience). After overnight incubation, the PVDF membrane was incubated with 
horseradish peroxidase (HRP) labeled secondary antibody (Elabscience) for 1 hour, and then the luminescence was 
visualized by ECL kit (Elabscience). The obtained image was analyzed using a development device (Odyssey ® XF).

Quantitative Real-Time PCR Analysis (qPCR)
After harvesting the specimen, it was put into a 1.5mL Eppendorf tube, and 1mL Trizol (Elabscience) and steel beads 
were added, followed by grinding in an oscillator 20s at 60rpm for eight times. The mixture was allowed to rest at room 
temperature for 5 min; then, chloroform was added to extract the total mRNA derived from the DRG. It was then reverse 
transcribed to cDNA using Evo M-MLV RT Kit for qPCR (Accurate Biology). The qRT-PCR assay was performed on 
a PCR instrument using SYBR ® Green Premix Pro Taq HS qPCR Kit (Accurate Biology) with denaturation at 95°C for 
10 min, 40 cycles at 95°C for 5s and amplification at 60°C for 30s. The primer sequences used in this study are displayed 
in Table 2. The obtained data were analyzed using the 2 (-ΔΔCt) algorithm to acquire the results.

Histopathology and Immunofluorescence Experiments
The tissue was fixed with 4% paraformaldehyde (Elabscience) for 72 hours, and the decalcification solution (pH 7.3–7.4) 
was made of EDTA (Solarbio), NaOH (macklin) and HCL (macklin). The decalcification solution was replaced every 

Table 1 Primary Antibodies and IgG Controls Used in This Study

Antibody Host Supplier/Catalog No. Dilution

TMEM100 Mouse monoclonal Origene/TA500532 1:100 (IHC), 1:500 (Wb)

IL-6 Rabbit polyclonal Affinity/DF6087 1:1000 (Wb), 1:100 (IHC)

β-actin Rabbit polyclonal Elabscience/E-AB-20058 1:1000 (Wb)

IgG control Mouse Elabscience/E-AB-1001 1:2000 (Wb)

IgG control Rabbit Elabscience/E-AB-1003 1:5000 (Wb)

IgG control Mouse Elabscience/E-AB-1015 1:100 (IHC)

IgG control Rabbit Elabscience/E-AB-1014 1:100 (IHC)
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week for 4 weeks. The decalcified tissue was embedded in paraffin, and 4 µm-thick slices were sectioned. The sections 
were stained with a hematoxylin-eosin staining kit (Solarbio) and observed under a light microscope.

For Masson’s staining: paraffin sections were dewaxed with xylene and stained with iron-hematoxylin. Then, the 
sections were dyed with Masson’s Trichrome stain kit (Solarbio), rinsed with a weakly acidic working solution, and 
dehydrated with 95% ethanol (National Pharmaceutical Group Chemical Reagent Co., Ltd.).

For safranin O-Fast green staining, paraffin sections were dewaxed with xylene, stained with hematoxylin dye and 
differentiated with an acid differentiation solution. The tissue was dyed with a fast green dye solution and washed with 
a weak acid working solution. Then, the tissue was stained with safranin O-solid green kit (Solarbio) and dehydrated with 
gradient ethanol.

For immunofluorescence assay, the slices were incubated overnight with selected primary antibody at 4°C. The 
next day, after washing with TBST, the selected fluorescent second antibody was incubated at room temperature for 1 
h. After washing with TBST solution, the nucleus was counter-stained with fluorescent dye DAPI (blue). At the same 
time, the tablets were sealed with an anti-fluorescence quenching agent and observed by a confocal microscope.

For glyoxylic acid staining, the L4-S1 intervertebral discs of anesthetized rats were dissected. After the specimens 
were fixed and dehydrated, the slices were affixed to glass slides. Glyoxalic acid reagent (Solarbio) was added 
continuously for 2 minutes each time. After drying, they were heated in an 80-degree oven with paraffin oil for 2 
minutes. The results were observed, and photographs were taken with a fluorescence microscope.

Magnetic Resonance Scanning and Anallysis
Bruker BioSpin MRI GmbH 7.0T solid-state magnetic resonance imager (7.0T MRI Bruker®, Germany) was used to 
detect T1WI, T2WI and other sequences. Parameter settings: ①Sagittal RM FSE T2WI: Repetition Time (TR) 4311ms, 
Echo Time (TE) 33ms, Field of Vision (FOV)=0.1×0.1mm, Average = 4. Slice thickness 0.3mm, pitch 0.6mm, imaging 
matrix 256×256, imaging time 5:23; ②T1WI/SAG: RT 100 ms, ET 3.1ms, FOV = 0.1×0.1mm, Average = 1, slice 
thickness 0.1mm, spacing 0.3mm, imaging matrix 256×256, imaging time 4:03. Moreover, Diffusion Tensor Image (DTI) 
examination was conducted. The data were processed by DTI Studio V2.3 (Johns Hopkins University, USA) post- 
processing platform, and the apparent dispersion coefficient (Apparent Diffusion Coefficient, ADC) and anisotropy index 
(fractional anisotropy, FA) were calculated by setting and detecting the region of interest (ROI).

Measurement and Analysis of 1H NMR and Tocsy Two-Dimensional NMR of Isolated 
Rat Intervertebral Disc
The intervertebral disc tissue was ground and cracked in dichloromethane and methanol (V dichloromethane: V methanol = 3:1) 
and homogenized at high speed and low temperature (4°C, 15000g). The parameters for BrukerAVANCE600MHz nuclear 
magnetic resonance (Bruker ®Corporation, Germany) were as follows: sensitivity: 400s pound N1HNMRM 0.1EBmittmr 
0.1EBmitt300S direction N13CNMRM ASTM, resolution: 0.45HZ1HZ1HPM 0.1CHCl3scape 0.2HZ13CASTMscape 1HRAMN 
SN > 340mm 1x 90°pulse <10, linear <0.6pm 5pm 9 (rotation). The pretreated rat samples were tested, and the original data were 
obtained after using the parameters 13CS/N: >270 position 1°pulse <10. The original data were preprocessed by TopSpin4.0.9 
(Bruker ®Corporation, Germany) for baseline correction, phase correction, calibration of reagent peak and lactic acid peak (Lac), 
window function and zero function adjustment, and Fourier Transform to make the curve smooth and visible. After identifying 
the coupling of each peak, a material integration quantitative analysis was carried out, and the compound prediction table was 

Table 2 The Primers Used for qPCR Detection

Gene Name Forward Reverse

TMEM100 GTCTTCATCACCGGGATCGT TGTTCCTTTGTCTCACCTTCCA

IL-6 CTGATTGTATGAACAGCGATGATG GGTAGAAACGGAACTCCAGAAGAC

GAPHD ATGCCGCCTGGAGAAACC GCATCAAAGGTGGAAGAATGG
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obtained. To further identify and speculate the types of polymer compounds, the “Tocsy two-dimensional nuclear magnetic 
resonance spectroscopy” experiment was used to label landmark compounds in the intervertebral disc. The original data were 
processed by Mestrenova14.0.0 (MestrelabResearch ®Corporation, Spain). The spectral baseline correction, F1 and f2 phase 
correction, Fourier transform, window function and zero function setting, and suppression signal processing were used to 
calibrate the lactic acid (Lac) peak. The TOCSY map was made, and the newly identified compounds represented by each peak 
were identified and assigned after the peak was marked.

Detection of High-Resolution Mass Spectrometry (HRMS) of Isolated Rat 
Intervertebral Disc by Non-Targeted Metabolomics
The rat samples were pretreated and mixed with a HulaMixer oscillator to obtain a homogeneous tissue solution. Samples 
were collected after centrifugation with a high-speed centrifuge. The samples were detected by liquid chromatography 
instrument ThermoScientific “Vanquish” UHPLC, and high-resolution mass spectrometer ThermoScientific “QExactiveHF- 
X” and the original data were obtained. The ThermoXcalibur software (Thermoco. Ltd, USA) was used to view the spectrum, 
quantitative analysis, spectrum library retrieval, qualitative analysis, extract the mass spectrum peak and identify the effective 
peak, optimize the parameters of peak matching, normalize the spectrum parameters, and obtain the total ion flow diagram 
(Total ion chromatogram, TIC) of the final mass spectrum peak.

Metabolite difference analysis: unsupervised principal component analysis (Principal Component Analysis, PCA) and 
orthogonal-partial least square discriminant analysis (Orthogonal Partial Least Squares Discriminant Analysis, OPLS-DA) 
were used for multivariate statistical analysis. The corresponding multivariate statistics of each group and the Variable 
Influence on Projection (VIP) were calculated. The significant substances with VIP value >1 were selected to analyze and 
separate the principal and differential components. The risk of over-fitting and data availability was evaluated by 
replacement test (Permutation test), and the displacement test diagram (Permutation Plot) was drawn by metabonomics 
analysis software Simca 14.1 (Umetrics Co, ltd, Sweden) to describe the over-fitting of OPLS-DA. The scatter plot (S-plot) 
was drawn by using the covariance (Abscissa) and correlation coefficient (ordinate) of each variable to study the 
contribution of metabolites and grouping variables to the metabolic spectrum of each sample.

Metabolic pathway analysis was used to determine the relevant metabolic pathways by a heatmap, determine the 
different metabolic pathways among groups through analysis, draw a Venn plot, and compare and analyze the 
representative metabolites among each group.

Detection and Analysis of 7.0T Nuclear Magnetic Resonance MRS-1H Spectrum of 
Intervertebral Discs in vivo
Solid State Nuclear Magnetic Resonance (NMR) (7.0T MRIBruker ®, Germany) was used to detect the intervertebral 
discs in each group, and the corresponding raw data were obtained. The obtained MRS-1H spectra underwent Fourier 
Transform curve fitting and were used to qualitatively analyze the intervertebral discs of three groups. And the 
compounds that recognized the intervertebral disc spectra were calibrated. Substances in intervertebral discs with 
a single peak with good repeatability were quantitatively analyzed.

Statistical Analysis
The data were collected, tested and sorted out for statistical analysis. The quantitative data were expressed by X ±S; 
the significance of differences between two groups was assessed by t-test, one-way analysis of variance (ANOVA) 
was used to compare the statistical differences for more than two groups, and the Kruskal–Wallis test was performed 
for nonparametric data. The parameters of paired groups were compared by t-test. Nonparametric data were 
represented as a range of median and quartile. Correlation analysis was carried out. A P-value <0:05 was 
statistically significant.
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Results
Establishment of a Rat Model of DLBP
Four weeks after needle puncture, the rats were anesthetized and underwent MRI imaging. MRI T2WI imaging showed 
that the intervertebral disc was complete with homogeneous high signal intensity in group A. In group B, the 
intervertebral disc space was narrowed or unchanged, and the intervertebral disc signal was heterogeneous with low 
signal intensity. In group C, the intervertebral disc space was significantly narrowed, and the intervertebral space 
exhibited low signal intensity. In addition, DTI imaging results showed that the ADC value exhibited a significant 
decreasing trend with intervertebral disc degeneration (P < 0.05) (Figure 1B (i)), while the FA value showed an 
increasing trend (P < 0.05) (Figure 1B (ii)). These two indicators suggested that the aggravation of intervertebral disc 
degeneration causes the loss of water molecules and the gradual restriction of movement until “solidification” and the 

A

B

Figure 1 (A) The results of imaging gradient changes of the three groups of rat intervertebral discs (7.0T MRI) (B) Statistics of DTI measurement values of three groups of 
rat intervertebral discs, (A) ADC value statistics, (B) FA value statistics.
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nucleus pulposus matrix changes from good compliance to fibrosis, consistent with the pathological changes of the 
intervertebral disc. The above findings reflect water metabolism and structural changes during the degeneration of the 
intervertebral disc (Figure 1A).

Histopathological analysis revealed that the macroscopic structure of NP and AF and the relative microscopic 
morphology, staining and distribution of NP cells significantly differed among the three groups of degenerated discs. 
In addition, differences in the morphology and distribution of collagen fibers and cartilage tissue were observed for the 
three segments of IVDs (Figure 2).

Analysis of Pain Behavior in DLBP Rats
Pain behavioral assessment. Mechanical hyperalgesia was measured using the von Frey test. The paw withdrawal threshold in 
group B (n = 12) decreased 1 week after surgery and was consistently lower than in groups A and C (Figure 3A). Thermal 
hyperalgesia was measured using the hot plate test. Compared with group A, the paw threshold latencies of groups B and 

Figure 2 Histopathology of panels A-C. HE staining image of the sagittal section (A–C). Masson staining image of sagittal section (D–F) and Safranin O-fast green staining of sagittal 
section (G–I) both showed that compared with group A, the IVD of group B and group C was less Order and looser, containing a large number of inflammatory cells and scarring.

Figure 3 Pain behavioral assessment. (A) Mechanical hyperalgesia was measured using the von Frey test. (B) Measurement of thermal hyperalgesia using the hot plate test. 
(C) Cold hyperalgesia was measured using the acetone test.**P < 0.01.
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C significantly decreased at 3 and 4 weeks after surgery (Figure 3B). Cold hyperalgesia was measured using the acetone test. 2 
to 4 weeks after the operation, the effect of acetone on the rats in groups B and C was significantly longer than in group 
A (Figure 3C).

Expression of IL-6 and TMEM100 in the Disc Tissues
Rats that underwent intervertebral disc puncture were dissected, and DRG tissue and the corresponding segment of the 
intervertebral disc were harvested. IL-6 and TMEM100 expressions in the intervertebral disc tissue and the correspond-
ing segment DRG tissue of each group were examined by WesternBlot, immunofluorescence assays (Figure 4) and qRT- 
PCR (Figure 5). We found that compared with the intervertebral disc degeneration pain model group in groups A and C, 
IL-6 expression in intervertebral disc tissue in group B intervertebral disc pain model group was significantly higher. 
After detecting the expression of IL-6 and TMEM100 in the dorsal root ganglion of the three groups, we found that the 
expression of IL-6 in DRG and the intervertebral disc was similar. The expression of TMEM100 in DRG was relatively 
low in groups A and C but significantly increased in group B.

NMR Analysis of the Experimental Rat Intervertebral Discs in vitro
The distribution of the compounds represented by each peak was determined based on mass spectrometry. The 
representative peak of the 1H spectrum was determined according to data in the database of NMR spectra of assigned 
and standard compounds. The potential metabolites of each peak were identified from low field to high field: group 1A: 
branched chain amino acid (BCAA) residues (0.85–0.95ppm), lactic acid (1.35, 4.1ppm), alanine residues (1.47– 
1.49ppm), lysine residues (1.74ppm), N acetyl compounds resonance peak N-Acetyl (2.21ppm), proline residues 
(2.53ppm), glutamine residues (3.78ppm). Alanine residue (3.81ppm), ethanolamine EthNH3 (3.87ppm), tyrosine 
(6.73, 6.9ppm), phenylalanine (7.09ppm), histidine (7.52ppm). (Figure 6A) Group 2B: lipid (Lipid) (1.28ppm), branched 
chain amino acid (BCAA) residue (0.85–0.95ppm), lactic acid (1.35, 4.1ppm), alanine residue (1.47–1.49ppm), lysine 
residue (1.74ppm), N acetyl compound formant N-Acetyl (2.21ppm), proline residue (2.53ppm), glutamine residue 
(3.78ppm). Alanine residue (3.81ppm), ethanolamine EthNH (33.87ppm), tyrosine (6.73, 6.9ppm), phenylalanine 
(7.09ppm). (Figure 6B) 3C group: lipid (Lipid) (0.6–0.85ppm, 1.28ppm), branched-chain amino acid (BCAA) residue 
(0.85–0.95ppm), lactic acid (1.35, 4.1ppm), alanine residue (1.47–1.49ppm), proline residue (2.53ppm), glycine residue 

Figure 4 Immunofluorescence images (A–C) and glyoxylate staining images (D) of DRG in rats in groups A-C. Compared with the intervertebral disc degenerative pain 
model group A (a1) and C group (c1), the expression of IL-6 in the intervertebral disc tissue of group B (b1) intervertebral disc pain model group was significantly increased. 
And the expression of TMEM100 in intervertebral disc tissue of group B (b2) was also significantly higher than that of group A (a2) and group c (c2). The nucleus was stained 
with DAPI (a3, b3, c3). In group A (d1), group B (d2) and group C (d3) glyoxylate staining images can clearly see the nerves in the intervertebral disc.
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(3.42ppm) glutamine residue (3.78ppm), alanine residue (3.81ppm), ethanolamine EthNH3 (3.87ppm). Tyrosine (6.73, 
6.9ppm), phenylalanine (7.09ppm). (Figure 6C).

To sum up, the lipid peak (Lipid) in groups A to C increased at a low field with the degree of intervertebral disc 
degeneration, and the peak cleavage of BCAA increased. Moreover, EthNH3 was the lowest in group B (Figure 6D). The 
lysine residue (Lys) and the resonance peak of N acetyl compound N-Acetyl gradually disappeared (Figure 6E). 
Moreover, lactic acid gradually increased (Figure 6F). The glycine residue at 3.42–3.52ppm was visible during the 
late stage of intervertebral disc degeneration, and the scores of other peaks decreased in varying degrees with an increase 
in grade. The MS metabonomics and 1H NMR spectra of rat intervertebral discs indicated the limited difference in 
intervertebral disc metabolism between groups B and C. To identify significant metabolic differences, the “two- 
dimensional TOCSY spectrum” experiment was used to determine the types of polymer compounds (Figures 7 and 8).

Non-Targeted Metabonomic Analysis of Intervertebral Disc Degeneration in 
UHPLC-Q-HFXHRMS Rats
We divided the endogenous metabolites using anion and cation modes for qualitative and quantitative determination by 
high-resolution mass spectrometry. The total number of peaks in the positive mode was 4505, and 313 effective 
metabolites were identified; the total number of peaks in the anion mode was 4430, and 226 effective metabolites 
were identified. The total ion current (TIC) distribution of the intervertebral discs in the three groups was as follows: 
from group A to group C, the metabolites with short cation time gradually decreased, the peak line was split and fixed at 
0.5min, and the peak line was multiple at 6.2–6.5min peak splitting; significant peak fixation was observed at 8.2 min, 
and peak height increased with increasing disc grade (Figure 9A). When the anions were polarized, the ion peaks were 
split and fixed at 0.5–1.2min. The metabolites with shorter anion time from group A to group C also showed a gradually 

Figure 5 Western blot analysis was used to detect the expression levels of IL-6 and TMEM100 in the DRG of group A, group B and group C (A), and their relative quantities 
(B and C) were calculated using β-actin as an internal reference. The differences in the expression of IL-6 (D) and TMEM100 (e) in the DRG of the models of group A, group 
B and group C were detected by qPCR. **P < 0.01.
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Figure 6 (A) Assignment of NMR 1H spectra of intervertebral discs in group A (B) NMR 1H spectra of intervertebral discs of rats in group B (C) NMR 1H spectra of 
intervertebral discs of rats in group C. (D) Integral quantitative value of EthNH3. (E) Integral quantitative value of N-Acetyl. (F) Integral quantitative value of Lactic acid. 
*P < 0.05,**P < 0.01.
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decreasing trend, and the peak line is split and fixed at 6.0–8.5min. Moreover, a clear consistent peak line was observed 
(Figure 9B).

Then, Principal Component Analysis was used to reduce the dimensionality of the data features. In the three groups of 
samples, degeneration of the intervertebral disc was exacerbated from groups A to C. In the positive mode, the QC 
samples exhibited a high degree of aggregation and experimental reliability. C3–4 samples in group C exhibited larger 
dispersion and were regarded as samples with poor repeatability and excluded. Groups B and C samples were close and 
completely different from group A samples. Overall, the distribution of samples in the three groups was significantly 
different, indicating that the three groups of intervertebral discs had different metabolisms (Figure 9C). Similar to the 
positive mode, the metabolite characteristics of the three metabolic sample groups differed in the anion mode 
(Figure 9D).

The Orthogonal Partial Least-Squares Discrimination Analysis (OPLS-DA) was used to establish the relationship 
between intervertebral disc groups and metabolite expression, distinguish the differences between groups, and determine 
the category of the samples. The following results were observed during the pairwise comparison in the cation mode: AB 
(R2 = 0.8, Q2 = 0.3), AC (R2 = 1, Q2 = 0.6), BC (R2 = 1, Q2 = 0.7); in summary, R2 >0.5, Q2 >0.3. Accordingly, 
significant differences among groups were observed in the positive ion mode. The samples were well represented and had 
a high degree of prediction (Figure 9H–J). Similarly, in the anion mode, there were significant differences among the 
groups, and the attribution of each sample was clear. The comparison was based on the group distribution, and there were 
significant statistical differences between the two groups (Figure 9E–G).

Permutation tests were performed for pairwise comparison by OPLS-DA to confirm the validity of the comparison: the cation 
analysis test results for AB, AC, and BC pairwise comparisons were: AB (R2 = 0.8, Q2 = 0.3), AC (R2 = 1, Q2 = 0.6), BC (R2 = 1, 
Q2 = 0.7), in conclusion, R2 >0.5, Q2 >0.3. Consistently, there were significant differences in each group in the positive mode, the 

Figure 7 Two-dimensional TOCSY spectrum of the intervertebral disc in group A rats.
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sample representation was good, and the degree of prediction was high (Figure 10A). Anion analysis tests for AB, AC, and BC 
pairwise comparison were: AB (R2 = 1, Q2 = 0.7), AC (R2 = 1, Q2 = 0.5), BC (R2 = 0.9, Q2 = 0.2), for the three groups R2 >0.5, 
AB group and AC group Q2 >0.3, BC group Q <0.3. In the anion mode, the samples with significant differences in each group 
were well represented, and the AB and AC groups had a large degree of discrimination and a high degree of prediction, while 
the BC group was not completely reliable, indicating that the endogenous metabolites of the BC groups were close (Figure 10B). 
The covariance (abscissa) and correlation coefficient (ordinate) of each variable were drawn on an S-plot scatter plot to study the 
differential contribution of metabolites and grouping variables to the metabolic profiles of each group. The S-plot distribution of 
cations was as follows: the metabolic load in B&C groups was close to the origin, and the contribution of metabolic differences 
was small, indicating that the metabolic profiles were similar. However, the metabolite load in groups A&B and A&C exhibited an 
S-shaped distribution, indicating that there were significant differences in metabolism between groups A and B and C in the cation 
mode (Figure 10C). The anion S-plot distribution was the same as in the cation mode; in the anion mode-plot scatter diagram, the 
metabolic load in groups B&C was close to the origin and did not account for the difference, indicating that the metabolic profiles 
of groups B and C were similar. Meanwhile, the metabolite load in groups A&B and A&C exhibited an obvious S-shaped 
distribution, indicating significant differences in metabolic profiles (Figure 10D).

Analysis of Metabolic Pathways and Metabolites in Rat Intervertebral Disc
R software was used to generate a heatmap of the metabolic pathway characteristics and conduct pairwise comparisons 
among the degenerative disc groups (Figure 11). Several metabolic pathways with significant differences were identified: 
differential metabolic pathways among groups A, B and C included: ① Glutathione metabolism ② Glycine, serine, 
threonine metabolism ③ Inositol phosphate metabolism ④Purine metabolism ⑤Amino sugar and nucleotide sugar 

Figure 8 Two-dimensional TOCSY spectra of intervertebral discs in groups B and C.
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metabolism ⑥Glycolysis/gluconeogenesis ⑦Cysteine and methionine metabolism ⑧Pentose phosphate pathway 
⑨Alanine, aspartate, glutamine Acid metabolism. In homogeneous groups B and C, the difference in metabolic path-
ways caused structural changes: ① arginine and proline metabolism ② alanine, aspartic acid, and glutamate metabolism.

To understand the metabolic pathways at the core and the shared and unique metabolic pathway analysis in each 
group comparison, we generated a Venn plot for the pairwise comparison of the differential pathways between each 
group for their respective datasets (Figure 12). We found that the metabolites significantly differed between the AB and 
AC groups, while relatively fewer metabolites were found in the BC group. We summarized the landmark metabolites of 
groups A and B and groups A and C in Table 3 and Table 4. Groups A and B intersection yielded 15 differentially 
contributing metabolites, involving 6 major metabolic pathways. Moreover, the intersection of groups A and C yielded 
19 differentially contributing metabolites, involving 6 major metabolic pathways.

Figure 9 (A) Cation flow TIC plot. (B) Anion flow TIC plot. (C) Cation PCA plots of the three groups of samples. (D) Anion PCA plots of three groups of samples. (E–G) 
OPLS-DA plots of each group in positive mode, (E) comparison of groups A/B, (F) comparison of groups A/C, and (G) comparison of groups B/C. (H–J) OPLS-DA plots of 
each group in anion mode, (H) comparison of groups A/B, (i) comparison of groups A/C, (J) comparison of groups B/C.
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Based on the pathways of the differential metabolites in the intervertebral discs of each group and the quantitative 
changes in the degeneration process, we screened out differences in the expression of the differential metabolites and 
determined whether the metabolites were upregulated and downregulated. Downregulated metabolites included 
①Cationic compounds: acetylcholine, β-nicotinamide mononucleotide, phosphorylcholine, homolanthionine, L-serine, 
N-acetyl-D-glucosamine 6-phosphate, glutathione Peptides; ②Anionic compounds: 5-L-glutamyl-L-alanine, adenine, 
ADP, cysteine glutathione disulfide, D-inositol 1,4-bisphosphate, isoleucine amino acid, phenylpropionylglycine, serine, 
serine-proline, UDP glucose, valine (Figure 13). Upregulated metabolites included deoxynucleosides, tyrosine-serine, 
alpha-D-galacturonic acid, isoleucine-hydroxyproline, L-cystine, L-glutamic acid, and inositol (Figure 14).

Magnetic Resonance Spectroscopy Characteristics of Rat Intervertebral Discs in vivo 
(7.0T)
3.7.1 7.0T Nuclear Magnetic Resonance MRS- 1H Spectrum Qualitative Analysis

MRS-1H spectra of three groups of rat intervertebral discs were qualitatively analyzed using a Bruker BioSpin MRI 
GmbH 7.0T solid-state MRI instrument (7.0T MRI Bruker®, Germany), and curve fitting was performed after Fourier 
analysis. The spectral characteristics of the 1H spectra were similar, except that the peaks increase and decrease and the 

Figure 10 (A) Permutation test diagram of three groups of OPLS-DA models in positive mode, i.A/B group, ii.A/C group, ii.B/C group. (B) Permutation test of three groups 
of OPLS-DA models in anion mode Figure, i.A/B group, ii.A/C group, ii.B/C group. (C) S-plot of metabolites in positive mode, i.A&B group, ii.A&C group, iii. B&C group. (D) 
Anion mode Lower metabolite S-plot, i.A&B group, ii.A&C group, iii.B&C group.

https://doi.org/10.2147/JPR.S400871                                                                                                                                                                                                                                   

DovePress                                                                                                                                                               

Journal of Pain Research 2023:16 450

Guo et al                                                                                                                                                              Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


A

B

Figure 11 Heatmap showing metabolic pathways of the three groups of intervertebral disc (A) cations. (B) Anions.
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integral changes. Taking the L3 intervertebral disc as an example (Figure 15A), the chemical shift ranges were as 
follows: Lipid 0.1–0.6ppm, branched-chain amino acid representative area (BCAA) 0.8–1.2ppm, lactic acid (Lac) 
1.33ppm, creatine (Cr) 3.5–3.8ppm, N-acetyl formant N-Acetyl<PG>2.02ppm, Choline resonance peak (Cho) 2.50– 
3.20ppm, and carbohydrate, hydrocarbon peak (Carb) 3.8–4.7ppm. Since the curve fitting method and signal filtering 
process inevitably lead to bias, an error of ±0.3ppm was observed in the spectrum peak calibration, within the acceptable 
error range of macroscopic analysis.

Quantitative Analysis of 7.0T NMR MRS 1H Spectrum
Quantitative analysis of single substance peaks in intervertebral discs exhibited good repeatability, while those with an 
unstable distribution of lipids (Lipid) and branched-chain amino acids (BCAAs) with unclear split peak lines were 
screened out. Moreover, Lac, N -Acetyl, Cho, Cr, Carb/(C-H) 5 significant peaks were integrated into the sample, and the 
peak concentration was calculated. Moreover, the mass distribution characteristics of the substance in the same FOV area 
of the intervertebral disc were quantitatively calculated (Figure 15B). For lactic acid (Lac), the expression increased 
sharply with the aggravation of intervertebral disc degeneration (P < 0.05), among which the disc distinction in groups 
B and C was not significant, but it was statistically significant. N-acetyl formant/collagen (N-Acetyl/collagen) PG), 
which exhibited the first largest peak of total substance distribution, was stable at 2.02ppm, exhibiting a single peak, and 
the distribution of this substance tended to decrease with the aggravation of intervertebral disc degeneration (P < 0.05). 
Moreover, Choline compounds are reportedly associated with cell membrane properties, participating in metabolism and 
material transport. With the degeneration of intervertebral discs aggravating, the peak fragmentation increased and the 
integral value decreased (P < 0.05); Besides, Creatine (Cr) is an important energy storage substance that determines the 
flow direction and distribution of ATP, exhibiting a decreasing trend with the exacerbation of intervertebral disc 
degeneration (P < 0.05). The gender component is easily affected by multiple factors, but the concentration levels of 
this compound are often characteristic. With the aggravation of intervertebral disc degeneration, the concentration of this 
compound tended to decrease (P < 0.05).

In addition, since many factors interfere with the peak measurement of a single substance, the individual character-
istics cannot be displayed.

Some biases and systematic errors between groups were analyzed, and the ratios of the respective peak compositions 
were further investigated. The ratios of several types of substances are as follows:

Figure 12 Venn plot of differential metabolic pathways among the three groups.
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Lactate ratio: Lac/Cho indicates that the accumulation of lactic acid increases gradually throughout the whole process 
and suddenly increases at the end of degeneration (P < 0.05), which reflects that the content of lactic acid is low 
during the early stages and increases significantly during the later stages of degeneration. This process is called lactic 
acid accumulation (Figure 15C).
The ratio of N-Acetyl (PG) compounds: N-Acetyl/Cho may be related to the ratio of protein content to the total 
metabolism of cell membranes, both of which decrease with the aggravation of degeneration, and the total structural 
protein decreases in the early stage. The proportion was relatively higher (P < 0.05), increasing in the later stage, 
indicating that the number of cells decreased more significantly (P < 0.05) (Figure 15D).

Table 3 Comparison of Differential Metabolites Between Groups A and B

Number Metabolites Metabolic Attribution Up and Down Adjustment Trend

1 D-xylolose 1-phosphate Pentose phosphate pathway Down
2 Glyceraldehyde-3-phosphate Glycolysis/heterogenesis Down

3 D-inositol 1, 4-diphosphate Inositol phosphate metabolism DOWN

4 ADP Amino sugar and nucleotide sugar metabolism Down
5 Adenosine Amino sugar and nucleotide sugar metabolism Down

6 Adenine Amino sugar and nucleotide sugar metabolism Down

7 Guanosine Amino sugar and nucleotide sugar metabolism down
8 Serine proline Serine and threonine metabolism Down

9 Gamma-glutamylcysteine Cysteine and methionine metabolism Down
10 High lanthanum thiocyanine Cysteine and methionine metabolism Down

11 Glutathione Cysteine and methionine metabolism Down

12 L-cystine Cysteine and methionine metabolism Up
13 L-phenylalanine-l-hydroxyproline / Up

14 Uric acid / Up

15 Acutumγ -glutamylvaline / Up

Table 4 Distribution of Major Differential Metabolites in Groups A and C

Number Metabolites Metabolic Attribution Up and Down 
Adjustment Trend

1 2, 3-butanediol glucoside / Down

2 N-acetyl-d-glucosamine 6-phosphate Structural metabolism of proteoglycan Down

3 D-inositol 1, 4-diphosphate Inositol phosphate metabolism/phosphatidylinositol signaling system Down

4 β -nicotinamide mononucleotide 

(NMN)

Amino and nucleotide sugars metabolism/niacin and nicotinamide metabolism/ 

biooxidation resistance

Down

5 Adenosine TCA Down

6 ADP TCA Down

7 Adenine Amino sugar and nucleotide sugar metabolism Down

8 High lanthanum thiocyanine Cysteine and methionine metabolism Down

9 Glutathione Cysteine and methionine metabolism Down

10 Aspartic acid - phenylalanine Aspartic acid and glutamate metabolism down

11 Phenylpropionylglycine Structural metabolism of proteoglycan Down

12 Serine Serine and threonine metabolism Down

13 Gamma-glutamylcysteine Cysteine and methionine metabolism (regulating glutathione production) Up

14 6 - keto - PGF1 alpha PGI2 metabolites Up

15 Thromboxane b2 PGI2 metabolites Up

16 12 - PGD2 PGI2 metabolites Up

17 Uric acid / Up

18 3- (4-hydroxyphenyl) epoxyethane- 

2-carboxylic acid

/ Up

19 11, 12-epoxy eicosenotrienoic acid Vascular intima, antioxidant Up
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Figure 13 Comparison statistics between groups of hallmark metabolites downregulated in rats. *P < 0.05,**P < 0.01, ***P < 0.001.

Figure 14 Between-group comparison statistics of upregulated landmark metabolites in rats. *P < 0.05,**P < 0.01.

https://doi.org/10.2147/JPR.S400871                                                                                                                                                                                                                                   

DovePress                                                                                                                                                               

Journal of Pain Research 2023:16 454

Guo et al                                                                                                                                                              Dovepress

Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


A

B

C D

Figure 15 (A) 7.0T nuclear magnetic resonance MRS 1H spectrum fitting diagram and peak assignment of rat intervertebral disc in group IIA. (B) Statistical diagram of 
representative peak distribution of MRS in rat tertiary intervertebral disc; (C) Lac compound peak ratio Statistical graph; (D) Statistical graph of peak ratio of N-Acetyl (PG) 
compounds.
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Discussion
Intervertebral disc degeneration (IDD) is well established as one of the main causes of discogenic pain.12,13 Although the 
specific cause of this pain remains unclear, it is widely believed that abnormal increase or decrease of inflammation and 
certain metabolites are related to the pathogenesis of discogenic pain.14 Studies have shown that the pathology of lumbar 
intervertebral disc low back pain is endplate injury, radial rupture of the inner annulus fibrosus, degradation of the 
intervertebral disc matrix, inflammatory reaction of the intervertebral disc matrix, and chemical substances that stimulate 
the nerve endings of the outer annulus fibrosus.15 Hampton et al15 believed that a fissure in the annulus fibrosus after the 
degeneration of the intervertebral disc caused disc-derived low back pain, through which the nucleus pulposus fluid leaked 
out and acted on the dural sac or nerve root sheath to cause low back pain and leg pain. An increasing body of evidence 
suggests that the inflammatory response is the underlying pathogenesis of discogenic low back pain. Inflammation, either 
due to direct chemical stimulation of the nucleus pulposus of an immune response secondary to the nucleus pulposus, has 
been implicated in the development of low back pain.6 Inflammation or direct chemical stimulation of the nucleus pulposus 
or an immune response secondary to the nucleus pulposus has been implicated in the development of low back pain.

The innervation of the lumbar intervertebral disc is derived from the sinus vertebral and sympathetic nerves. In 1990, 
Goren et al16 applied highly specific acetylcholine to stain the sinuvertebral nerve and found that the sinuvertebral nerve 
innervating the intervertebral disc originated from the DRG, which explained the anatomical basis of discogenic pain 
(Figure 16). Disc herniation releases inflammatory mediators leading to perineural inflammation, which results in radicular 
discogenic pain.17 DRG assumes and transmits this pain, which is clinically called “chemical radiculitis”,18 which further 
elucidated the pathological mechanism of discogenic pain. However, these anatomical-dependent pathological changes 
mostly appear in MRI examinations. The High-Intensity Zone (HIZ) findings explain that changes in certain metabolites in 
the intervertebral disc are the direct cause of discogenic pain.19 Nonetheless, this finding has not been effectively validated 
in metabolite validation and molecular level studies. This study established a rat discogenic pain model by injection of PBS 

Figure 16 The sinuvertebral nerves branched from the DRG are distributed to the posterior aspect of the lumbar disc and the posterior longitudinal ligament.
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to disc-puncture IDD model to induce pain. At the same time, molecular biology experiments found that the pain caused by 
intervertebral disc degeneration was consistent with the increased inflammatory mediator IL-6 and TMEM100 expression.

There is a rich literature available suggesting that inflammatory factor infiltration after intervertebral disc degeneration 
may be one of the causes of discogenic pain, but the relationship between the degree of inflammatory infiltration in 
intervertebral discs and the degree of degeneration remains unclear. Weng et al8 quantified inflammatory markers in the 
intervertebral disc of a rat model of intervertebral disc degeneration and pain and found that transmembrane junction 
protein TMEM100 is also expressed in DRG and has functional and physical effects on TRPA1 and TRPV1. Interestingly, it 
forms a complex with TRPA1 and TRPV1 in DRG neurons and heterologous systems, selectively enhancing TRPA1- 
related activity by increasing the probability of channel opening. Moreover, studies have found that a reduction in 
inflammatory mechanical hyperalgesia and TRPA1 in TMEM100-deficient mice.8 Studies found that TMEM100 is mainly 
localized to calcitonin gene-related peptide (CGRP)-positive peptide neurons in the DRG and trigeminal ganglia, and its 
expression is increased in inflammatory pain,7 which is similar to our results in the intervertebral disc. IL-6, as an important 
inflammatory factor, has been established to cause discogenic pain by mediating the expression of TMEM100. The 
production of inflammation is mostly related to the decomposition of carbohydrates and proteins. In this complex metabolic 
process, the accumulation of metabolic end products such as NO, ammonia, and lactic acid has been documented to be an 
important chemical substance for discogenic pain. Ethanolamine often appears as an antigenic substance in the metabolic 
process, and the content of this substance is also closely related to the mechanism of intervertebral disc degeneration. 
Therefore, the differences in gene expression and metabolite changes in this experiment were compared with those in 
intervertebral disc degeneration. In the discogenic pain model, the expressions of TMEM100 and IL-6 were significantly 
increased compared with normal intervertebral discs, and there were significant metabolic differences between discogenic 
pain intervertebral discs and degenerative discs. The metabolic pathways and metabolites of painful intervertebral discs are 
mainly glycerol-serine-threonine metabolism, glutathione metabolism, etc., and 15 major contributing metabolites were 
found, involving 6 major metabolic pathways: sugar metabolism: pentose phosphate pathway, glycolysis/neogenesis, 
amino sugar and nucleotide sugar metabolism; protein metabolism: serine and threonine metabolism, cysteine and 
methionine metabolism; small molecule metabolism: inositol phosphate metabolism. These metabolic pathways suggest 
that metabolites such as NO, ammonia, and lactic acid are metabolic endpoints. Importantly, the metabolomic analysis 
found glycerol-serine-threonine metabolism in the intervertebral discs. KEGG pathway analysis found that ammonia and 
nitrogen-containing substances are regulated by this pathway. Another important metabolite, ethanolamine, is closely 
related to this pathway in the structural metabolism of intervertebral discs. In addition, in vitro magnetic resonance 
spectroscopy (MRS) was used for qualitative and quantitative analysis of discogenic pain intervertebral discs. It was 
found that Lac content increased while N-Acetyl/PG, Cho, Cr, and Carb decreased, indicating that the metabolic features of 
discogenic pain are characterized by an increase of acidic substances, the degradation of amino acids into ammonia 
substances, the regulation of inflammatory metabolites by ethanolamine, and the changes in the molecular structure of 
energy supply and energy with the progress of inflammation. At the anatomy level, we found that sympathetic nerves are 
widely distributed on the surface of the annulus fibrosus, which is consistent with findings reported by Goren et al.16 The 
immunofluorescence assay confirmed increased expression of TMEM100 and IL-6 in DRGs on painful discs, leading to 
increased pain, consistent with the literature.20 Peritore et al21 found that ethanolamine reduced the release of cytokines 
such as IL-6, IL-1β, TNF-α, and IL-18. Moreover, Klain et al22 found that urea, glycine, serine, choline and uric acid are 
urinary metabolites of ethanolamine. These reports are in agreement with our findings that ethanolamine is associated with 
glycan-serine-threonine metabolism and modulates inflammatory metabolites.

Herein, untargeted metabolomics was used to validate the unique role of the Gly-Ser-Thr pathway in the overall 
metabolic process. A study by Miguel A et al found that the most enriched pathways in rats on different diets were 
aminoacyl t-RNA biosynthesis, Gly-Ser-Thr, glutathione, taurine-veal taurine, cysteine.23 The amino acid-methionine 
metabolic pathway is the most enriched central catabolism and redox-related pathway. In the present experiment, the 
conclusions of the non-targeted metabolomic analysis of intervertebral discs reached similar conclusions: topologically, 
the “centrality” and “intercentrality” indicators of the pathway network associated with Gly- and Ser-Thr metabolism 
indicate the importance of this pathway in the “core” metabolic network (Figure 17). Indeed, the interaction between 
Gly-Ser-Thr represents an important metabolic crossroad linked to several highly important biological pathways 
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(Figure 17). It is well established that Gly-Ser-Thr can be interconverted by the action of two enzymes, serine 
hydroxymethyltransferase (SHMT) and threonine aldolase;24,25 the final result is a key pathway providing many energy 
precursors and NADPH. In this experiment, the upstream metabolite of this pathway, ethanolamine, was observed in all 
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Figure 17 Energy metabolism pathways of nucleus pulposus cells and matrix and the background principle of MRS metabolism.
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stages of the intervertebral disc and was inversely related to the progression of inflammatory disc degeneration. This 
finding also suggests that the metabolic pathway of Gly-Ser-Thr gradually weakened with the progression of inflamma-
tion, which substantiates that this mechanism, as a hub of energy transport and reduction reaction, plays a key role in 
inhibiting the energy supply and inflammatory response of intervertebral disc, and is of great significance in delaying 
inflammatory degeneration of intervertebral disc and relieving discogenic pain.26

Magnetic Resonance Imaging (MRI) technology provides a visual approach for the study of intervertebral disc 
degenerative diseases. Discogenic pain can be shown by routine scanning, and although the changes in its collagen and 
proteoglycan can be roughly understood, this detailed metabolic process cannot be comprehensively examined. 
Importantly, MRS can show the metabolic changes of internal tissue.27 In this study, five significant peaks of Lac, 
N-Acetyl, Cho, Cr and Carb/(Cmerh) were used as metabolic markers, and quantitative and qualitative analysis of Lac/ 
Cho and N-Acetyl/Cho spectra was further carried out. Our results confirm the above conclusions of in vitro NMR 
spectroscopy metabolomics, showing that Lac/Cho, N-Acetyl/Cho increased with the aggravation of intervertebral disc 
degeneration, especially in the late stages of degeneration, and the sharp increase was characteristic of this group. This 
finding suggests that lactic acid balance is dysregulated, leading to lactic acid accumulation.

The ratio of choline compounds, for instance, Lac/Cho, can indicate changes in the metabolic environment of the acid 
environment and ethanolamine degradation metabolites in the intervertebral disc. Although this ratio increases during 
discogenic pain, it is often slower than normal degeneration. It is widely thought that this situation may be due to the 
active inhibition of the accumulation of acidic substances by the glycan-serine-threonine pathway; however, choline 
compounds are reduced due to the anti-inflammatory effect of ethanolamine. Importantly, mass spectrometry metabo-
lomics and NMR studies confirmed that the amount of N-Acetyl and Cho is decreased. Accordingly, it is highly likely 
that both indicators sustain similar decreases in the discogenic pain model. In common cases of intervertebral disc 
degeneration, the abnormal proportions result from the rapid progress of inflammation that inhibits the Gly-Ser-Thr 
pathway, weakening the anti-inflammatory effect of ethanolamine, leading to substantial reductions in Cho, suggesting 
that activation of the Gly-Ser-Thr pathway in the discogenic pain model leads to a reduction in the rate of direct 
consumption and decomposition of carbon-based compounds, and the reduced compounds and precursors of various 
functional compounds provided by this pathway can alleviate the progression of inflammation.28,29

The increased expression of IL-6 in discogenic pain caused by intervertebral disc degeneration is well established.30 

Cui et al31 found that the expression of IL-6 in NP cells is affected by the JNK/ERK/p38-MAPK signal pathway. Pan 
et al7 have shown that the expression of TMEM100 is also related to the MAPK signaling pathway and regulates the 
phosphorylation level of ERK and JNK proteins. This finding suggests that TMEM100 may participate in the activation 
and expression of IL-6 through JNK/ERK/p38-MAPK signal pathway. Some studies have confirmed that20 IL-6 can 
increase the excitability of pain receptors by inducing the hyperexcitability of DRG neurons, increasing the amplitude of 
voltage-gated channels, and activating the JAK/PI3K signal pathway to upregulate the TRPV1 function of the DRG 
neurons, thus causing inflammatory pain.32–35 TMEM100 is reportedly co-expressed with TRPA1 and TRPV1 in DRG 
and forms a complex with TRPA1 and TRPV1. Current evidence suggests that TMEM100 can enhance the activity of 
TRPA1 in a TRPV1-dependent manner in the dorsal root ganglion; TRPA1 is involved in inflammatory mechanical 
hyperalgesia, while the expression of TMEM100 is significantly increased in pain caused by inflammation. TMEM100 
knockout can significantly reduce inflammatory pain. These findings substantiate the relationship between IL-6 and 
TMEM100, and its expression is increased in inflammatory pain, which is consistent with our results.8,36,37

In addition, Xu et al38 found that the expression of IL-6 in atherosclerotic inflammation is inhibited by ethanolamine. 
Our study found that IL-6 was significantly increased, and ethanolamine decreased in discogenic pain caused by 
inflammation, which was consistent with decreased expression of ethanolamine found during metabonomics analysis.

Clinical evidence indicates a significant difference in the speed of intervertebral disc degeneration between patients 
with discogenic low back pain and patients with intervertebral disc degeneration. The disc degeneration process in 
patients with discogenic pain is often long, while the duration for imaging in the middle stage of degeneration is often 
short in patients with natural degeneration, which may be attributed to the findings of the above studies. This experiment 
also has certain limitations, mainly attributed to the lack of human intervertebral discs as samples for metabolomic 
analysis due to ethical constraints, and the robustness of the conclusions needs to be further verified.
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