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Intervertebral disc degeneration (IDD) is a common condition associated with aging and degeneration 
of the disc. Type 2 diabetes mellitus (T2DM) is linked to various musculoskeletal disorders, including 
IDD, but its molecular effects on IDD remain understudied. To explore the molecular differences in IDD 
between T2DM and non-T2DM patients, we conducted a quantitative proteomic analysis of nucleus 
pulposus (NP) tissues from patients with T2DM-IDD or non-T2DM-IDD individuals. We identified 
3,720 proteins, with 221 significantly upregulated and 233 downregulated in T2DM-IDD. Multiple 
mitochondrial proteins were upregulated (NDUFV2, NDUFB5, NDUFA13, MPC2) indicating a potential 
increase in oxidative stress in the NP tissues from T2DM-IDD. Conversely, downregulated proteins 
such as versican (VCAN), an extracellular matrix proteoglycan, IL17B, a pro-inflammatory cytokine, 
and vascular endothelial growth factor A (VEGFA) indicate possible alterations in ECM composition 
and structure that impact the mechanical properties and integrity of the IVD as well as a reduced 
inflammatory response in NP tissues from non-T2DM-IDD. Additionally, T2DM-IDD showed enrichment 
in fatty acid metabolism pathways, while non-T2DM-IDD samples were enriched in epithelial 
mesenchymal transition and hypoxia pathways. Altogether, these results provide novel insights into 
the molecular mechanisms of T2DM-IDD and may guide future therapies.
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Intervertebral disc (IVD) degeneration (IDD) is quite common and affects a substantial portion of the global 
population1. IDD encompasses aging and degenerative changes to the integrity of IVD, a response to external 
insults such as mechanical injury or metabolic perturbation often marked by a range of molecular, biochemical, 
cellular and anatomical alterations of IVD2. The intricate network of proteins, especially the extracellular matrix 
(ECM) proteins, plays a critical role in maintaining the integrity of the IVD by regulating cell behavior, matrix 
synthesis, mechanical support, and tissue remodeling3. Disruptions in cellular, structural, and mechanical 
IVD integrity can culminate in a spectrum of degenerative spinal pathologies, including disc herniation and 
spondylolisthesis.

Type 2 diabetes mellitus (T2DM), a chronic, metabolic, and inflammatory condition, is characterized by 
insulin resistance, pancreatic beta-cell dysfunction, and hyperglycemia4. Its global incidence continues to 
soar, particularly among younger individuals, potentially accelerating the onset and progression of chronic 
conditions. Although several studies have suggested that patients with T2DM tends to develop more severe IDD 
compared with patients without T2DM5,6, the biological effects of T2DM on IDD at a proteomic level have not 
been examined.
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Mass spectrometry has been utilized to characterize the proteomes of aged and degenerative IVD. Sarath 
Babu et al. used iTRAQ-based quantitative proteomics to identify 759 and 692 proteins from the annulus fibrosus 
and nucleus pulposus tissues of IVD, respectively. Among these identified proteins, the differentially expressed 
proteins are involved in cell adhesion, cell migration and interleukin 13 signalling pathway7. Rajasekaran et 
al. documented identification of 409, 512, and 412 proteins in IVD from healthy young, healthy aged, and 
IDD, respectively. The analysis implicated inflammaging as the main differentiator between normal aging and 
IDD8. Later Rajasekaran et al. focused on proteomics analysis of collagens in IDD and showed altered collagen 
signature in IDD9. Wang et al. used label-free proteomics to identify 125 differentially expressed protein in 
degenerated nucleus pulposus (NP) tissues and found that inflammatory-sensitive chitinase-3-like protein 1 
may play a protective role in IDD10. Qiu et al. used tandem mass tag (TMT)-based quantitative proteomics 
to quantify 2,691 of 3,259 proteins identified in NP tissues isolated from 5 fetal IVD and 5 geriatric IVD with 
Pfirrmann Grade IV ratings11. They also reported that proteins expressed highly in the geriatric IVD were 
enriched primarily in the complement and coagulation cascades pathway and the cytokine receptor interaction 
pathway and those expressed highly in fetal IVD were enriched mainly in the ribosome pathway. Fu et al. also 
used TMT-based quantitative proteomics to identify 2,042 proteins in 3 Pfirrmann Grade II and 3 Pfirrmann 
Grade IV NP tissues from adult patients12. Their KEGG analysis of differentially expressed proteins showed 
that Epstein‒Barr virus infection, viral myocarditis, colorectal cancer, nonalcoholic fatty liver disease (NAFLD) 
and amyotrophic lateral sclerosis (ALS) are the main pathways involved in IDD. Yang et al. combined mass 
spectrometry-based proteomics with bulk and single-cell RNA sequencing to analyze 8 cases of Grade I-IV 
IDD13. Their analysis of multiomics data suggested that SERPINA1 can be used as a biomarker to regulate or 
predict the progress of disc degeneration. However, biological differences of IVD in T2DM-IDD patients and 
non-T2DM-IDD patients have not been investigated at a proteomics level.

Here, we employed a tandem mass tag (TMT)-based quantitative approach to analyze the proteomes of NP 
tissues isolated from lumbar IVD that were surgically removed from five T2DM-IDD and four non-T2DM-
IDD patients. Our analysis identified 3,887 proteins, with 221 significantly upregulated and 233 significantly 
downregulated in T2DM-IDD compared to non-T2DM-IDD. Unsupervised hierarchical clustering demonstrated 
distinct proteomic profiles between T2DM-IDD and non-T2DM-IDD. Gene set enrichment analysis (GSEA) 
indicated that oxidative phosphorylation, MYC targets, and fatty acid metabolism were among the pathways 
enriched in T2DM-IDD, while epithelial mesenchymal transition and hypoxia pathways were among those 
enriched in non-T2DM-IDD. Protein-protein interaction network analysis revealed highly connected 
subnetworks that are highly upregulated in T2DM-IDD than non-T2DM-IDD. Furthermore, the analysis of 
proline hydroxylation in our proteomic dataset revealed a highly connected protein-protein interaction network 
in hydroxylated IVD proteins in IDD. Overall, the results shed light on the intricate proteomic landscape 
underlying IDD, with a particular focus on the substantial contribution of T2DM in patients with surgically 
treated LDH or spondylolisthesis. Our analysis of IVD proteomes from T2DM-diagnosed patients holds the 
potential to unveil novel therapeutic targets for managing IDD and the associated burden of chronic low back 
pain.

Results
Proteomics analysis of NP tissues in T2DM-IDD and non-T2DM-IDD patients
To understand the mechanisms underlying the IDD development in both T2DM and non-T2DM patients, we 
employed a TMT-based quantitative analysis to characterize proteomic differences of NP tissues in T2DM-IDD 
patients compared to non-T2DM-IDD patients (Fig. 1A). We identified 3,887 IVD proteins (Supplementary 
Table 1), representing a significant number of proteins for comparison with previous proteomics studies. 7–13. 
The PANTHER Gene Ontology GO-Slim molecular function (MF) analysis of these IVD proteins revealed 
1,318 proteins with binding activity, 1,112 with catalytic activity, 195 with molecular function regulator activity, 
126 with structural molecule activity, 116 with transporter activity, 101 with ATP-dependent activity, 63 with 
molecular adaptor activity, 53 with molecular transducer activity, 48 with transcription regulator activity, 30 
with antioxidant activity, 34 with translation regulator activity, and 25 cytoskeletal motor activity. Subcellular 
localization analysis revealed 500 proteins from extracellular region, 1,670 from cytoplasm, 451 from plasma 
membrane, and 570 from nucleus. Not surprisingly, by using the whole human proteome as a reference, the 
overrepresentation test revealed 2.2-fold enrichment for proteins in extracellular region and 1.6-fold enrichment 
for proteins in cytoplasm in our proteomics dataset (Fig. 1B), in consistent with that ECM proteins constitute the 
major components of IVD NP tissue. 

Differentially expressed proteins in T2DM-IDD compared to non-T2DM-IDD
Among 3,887 identified proteins, we were able to quantify 3,720 proteins (Fig. 2A; Supplementary Table 1). We 
chose a cut-off of > 1.5-fold change for upregulated proteins, < 0.67-fold change for downregulated proteins, and 
p-value < 0.05 for significance. We identified 221 significantly upregulated IVD proteins and 233 significantly 
downregulated IVD proteins in T2DM-IDD as compared to non-T2DM-IDD. Unsupervised clustering of 
differentially expressed proteins shows the notable distinctions in IVD proteins between T2DM-IDD and 
non-T2DM-IDD (Fig. 2B, Supplementary Table 1, Tables 2 and 3). Gene set enrichment analysis for molecular 
function in the significantly upregulated IVD proteins in T2DM-IDD revealed 91 proteins with binding activity, 
44 with catalytic activity, 29 with structural molecule activity, 4 with antioxidant activity, 10 with transporter 
activity, and 10 with molecular transducer activity. The GO cellular components (CC) analysis of the significantly 
upregulated IVD proteins in T2DM-IDD revealed 3 proteins from extracellular region, 122 from cytoplasm, 10 
from plasma membrane, 54 from nucleus. The GO MF analysis of the significantly downregulated IVD proteins 
in T2DM-IDD revealed 68 proteins with binding activity, 76 with catalytic activity, 27 with molecular function 
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regulator activity, 7 with molecular transducer activity, 2 with antioxidant activity, and 87 without PANTHER 
GO MF term assignment. The GO cellular components (CC) analysis of the significantly downregulated IVD 
proteins in T2DM-IDD revealed 65 proteins from extracellular region, 65 from cytoplasm, 28 from plasma 
membrane, 9 from nucleus. Using all identified IVD proteins as a reference, the GO CC overrepresentation test 
revealed 2.15-fold enrichment with FDR-adjusted p-value of 1.24 × 10− 7 for significantly downregulated IVD 
proteins in extracellular region in T2DM-IDD (i.e. significantly upregulated IVD proteins in non-T2DM-IDD) 
but no more than 2-fold enrichment for significantly upregulated IVD proteins for all four cellular components 
(Supplementary Table 2), suggesting more damage to extracellular compartment in T2MD IDD than non-
T2DM-IDD.

Pathways differentially enriched in T2DM-IDD and non-T2DM-IDD
To understand the differences in the underlying pathways between T2DM-IDD and non-T2DM-IDD, we 
performed Gene Set Enrichment Analysis (GSEA) on our IVD proteomics dataset to identify pathways 
differentially enriched in T2DM-IDD and non-T2DM-IDD (Fig. 3A, Supplementary Table 3). In T2DM-IDD, 
oxidative phosphorylation is the most significantly enriched pathway, followed by six pathways - MYC targets, 
fatty acid metabolism, E2F targets, G2M checkpoint, mitotic spindle, and adipogenesis. Figure  3B shows 6 
examples of significantly upregulated IVD proteins in T2DM-IDD. In non-T2DM-IDD, epithelial mesenchymal 
transition is the most enriched pathway followed by six pathways – hypoxia, glycolysis, angiogenesis, estrogen 
response early, KRAS signaling up, and coagulation. Figure 3C shows 6 examples of significantly upregulated 
proteins in non-T2DM-IDD. Our pathway analysis suggests that metabolic perturbation, such as increased 
oxidative phosphorylation, fatty acid metabolism, and adipogenesis, are evident in the NP tissues in T2DM-IDD 
and could contribute to the severity observed in T2DM-IDD.

Protein-protein interaction networks of differentially expressed proteins in T2DM-
IDD and non-T2DM-IDD
To gain more insights into the functions of these differentially expressed proteins, we queried their interactions 
through the STRING database to construct the interaction network across 450 differentially expressed proteins 
in T2DM-IDD and non-T2DM-IDD (Fig.  4A). The network consists of 256 nodes and 1,234 edges. Of 256 
nodes, 171 are upregulated IVD proteins and 85 downregulated ones. MCL clustering analysis revealed different 
clusters between T2DM-IDD and non-T2DM-IDD. In T2DM-IDD, the largest cluster is translation, followed 
by nucleosome core, spliceosome, aerobic electron transfer chain, mRNA processing, and ATP synthesis, while 
in non-T2DM-IDD, the clusters are desmosome, proteins from extracellular space, secreted, and collagen 
biosynthesis and modifying enzyme (Fig.  4B). The identification of the clusters of some transcription and 
translation machineries in T2DM-IDD along with the enrichment of MYC targets V1, E2F targets, G2M 

Fig. 1.  Proteomic analysis of NP tissue from lumbar IVD in T2DM-IDD and non-T2DM-IDD patients. (a) 
The schematic illustration of TMT-based quantitative proteomics analysis. (b) The gene ontology cellular 
component enrichment analysis of identified NP proteins.
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checkpoint, and mitotic spindle suggest that aberrant cell growthy activities in T2DM-IDD, which requires 
further investigation. The identification of aerobic electron transfer chain and ATP synthesis is also consistent 
with the enrichment of oxidative phosphorylation in T2DM-IDD. It is worth noting that the identification of the 
clusters of desmosomes, proteins from extracellular space, secreted, and collagen biosynthesis and modifying 
enzyme in non-T2DM-IDD further support that extracellular matrix and cell-cell adhesion are damaged more 
in T2DM-IDD.

Differential proline hydroxylation of IVD proteomes in T2DM-IDD and non-T2DM-
IDD
Given that proline hydroxylation is one of the most abundant post-translational modifications in the ECM, 14 we 
examined proline hydroxylation in our dataset. Interestingly, we identified 2,278 proline hydroxylation sites on 
230 proteins (Fig. 5A). We chose a cut-off of > 1.5-fold change for upregulated proline hydroxylation, < 0.67-fold 
change for downregulated proline hydroxylation, and p-value < 0.05 for significance. We identified 72 significantly 
upregulated proline hydroxylation sites on 19 NP proteins and 36 significantly downregulated sites on 19 NP 
proteins in T2DM-IDD compared to non-T2DM-IDD. The GO cellular component (CC) analysis of the proline-
hydroxylated proteins revealed 9 collagens, 47 proteins from collagen-containing extracellular matrix, 105 from 
extracellular region, 75 from cell periphery (Fig. 5B). As expected, we observed 16.47-fold, 7.96-fold, and 3.46-
fold enrichment for collagen, collagen-containing extracellular matrix, and extracellular region, respectively, 

Fig. 2.  Differentially expressed NP proteins in T2DM-IDD patients compared to non-T2DM-IDD patients. (a) 
Volcano map depicting log2 (fold change) vs. –log10 (p-value) calculated for each protein/protein group. (b) 
Heatmap showing unsupervised clustering of differentially expressed proteins.
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with great significance. Furthermore, the protein-protein network analysis using the STRING (physical) database 
revealed a highly connected network among proteins with proline hydroxylation (Fig.  5C). In the network, 
12 collagens have significantly upregulated proline hydroxylation and 2 have significantly downregulated in 
T2DM-IDD compared to non-T2DM-IDD, suggesting oxidative stress environment in T2DM-IDD. The higher 
proline hydroxylation on collagens in T2DM-IDD indicates oxidative stress.

Fig. 3.  Pathways differentially enriched in T2DM-IDD and non-T2DM-IDD revealed by Gene Set Enrichment 
Analysis (GSEA). Lollipop plot showing pathway enrichment (a) and box plots showing 6 significantly 
upregulated (b) and 6 significantly downregulated (c) NP proteins in T2DM-IDD compared to non-T2DM 
IDD.
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Discussion
Low back pain (LBP) is one of the most common disabilities, accounting for 149  million missed workdays 
annually, with an estimated loss of $90 billion in the United States15. More than 50% of LBD is associated with 
IDD16. Although IDD is often associated with aging, it also affects a younger population with multiple risk 
factors, including injury, genetics, chronic diseases, and environmental factors such as smoking or a combination 
thereof17. T2DM, the most common metabolic disorder, also increases the risk of developing IDD18. The 
association between T2DM and IDD has been suggested in some cross-sectional and retrospective studies. For 
example, a case–control study that enrolled 160,911 patients with IVDD and 315,225 controls in a group of 
military members also suggested that diabetes was a risk factor for developing IDD19. In a more recent study 
using a cohort from the European population, it was found that patients with T2DM have a 6.9% higher risk 
of IDD than those without T2DM. They also used multivariable Mendelian randomization (MR) analysis to 
examine the direct effect of T2DM on IDD adjusting for BMI20. The studies consistently suggest that T2DM is a 
risk factor for IDD, independent of BMI.

Fig. 4.  Protein-protein interaction network (a) and clusters (b) of differentially expressed NP proteins in 
T2DM-IDD and non-T2DM-IDD using STRING database (http://www.string-db.org).
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To understand this interrelation, several preclinical studies have demonstrated different aspects of the 
overall pathogenesis. Specifically, the effect of high level of advanced glycation end-products (AGEs) due to 
high glucose concentrations was responsible for IVD stiffening, altering the biomechanical properties of the 
IVD21. In addition, IVD cell stress under high glucose conditions is also characterized by the increased release of 
inflammatory cytokines, such as Tumor Necrosis Factor (TNF) α, interleukin (IL)-1, and IL-6. These cytokines 
lead to the ECM degradation by activating the matrix-metalloproteinases (MMPs) and A disintegrin and 
metalloproteinase with thrombospondin motifs (ADAM-TS)22. Similarly, high glucose condition induces cell 
apoptosis and senescence, which further weakens the IVD ECM and, therefore, accelerates its degeneration23. 
However, systemic examination of signaling pathways behind IDD in T2DM patients has not been carried out 
in an omics level.

Previously, we employed RNA sequencing technologies to identify the key regulatory players in degenerative 
discs24. Several groups have used quantitative proteomics approaches to study differential protein expression 
in healthy control discs and various types of degenerative discs7–13. Here, we used a mass spectrometry-based 
quantitative analytic pipeline to quantify changes in the NP proteomes from both T2DM-IDD and non-T2DM-
IDD. Our analysis revealed 221 significantly upregulated NP proteins and 233 significantly downregulated 
NP proteins in T2DM-IDD compared to non-T2DM-IDD. Key NP proteins upregulated in T2DM-IDD 
include mitochondrial proteins such as NDUFV2, NDUFB5, NDUFA13, and MPC2, all involved in oxidative 
phosphorylation. In fact, mitochondrial dynamic is related to ROS production under hyperglycemic condition25. 
Therefore, the upregulation of these mitochondrial proteins indicates increased oxidative phosphorylation 

Fig. 5.  Protein proline hydroxylation in IVD. (a) Volcano plot showing the differential proline hydroxylation 
in T2DM-IDD and non-T2DM-IDD. (b) Lollipop plot showing the GO CC enrichment analysis of protein 
with proline hydroxylation. (c) Protein-protein interaction network of proteins with proline hydroxylation 
using STRING database (http://www.string-db.org).
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and mitochondrial activity in diabetic IVD tissues, suggesting higher oxidative stress levels, which can lead to 
cellular damage, apoptosis, and further degeneration of the disc tissue. Interestingly, Liang Kang et al. suggested 
anti-oxidant MitoQ protect against IDD by ameliorating mitochondrial dysfunction and redox imbalance26. 
Additionally, CD74, another protein upregulated in diabetic tissues, is consistent with FGSEA analysis and 
previous findings by Xiong et al. 27, emphasizing its role in inflammatory responses and its association with 
various diseases, including IDD. Nucleoporin 62 (NUP62), upregulated in diabetic IVD tissues, indicates 
potential disruptions in nuclear-cytoplasmic transport, affecting cellular function and viability. Overall, the 
mechanical function of the IVD depends on the integrity of its tissue structure. In degenerative IVD, ECM 
catabolism increases, while anabolism decreases due to cellular death and abnormal function. Oxidative stress 
is found to involve in abnormal ECM metabolism, thereby promoting IDD progression28. Specifically, in type 2 
diabetes (T2D), elevated glucose levels can trigger or worsen oxidative stress, accelerating the process of IDD.

The hallmark of IVD degeneration is the extracellular matrix decomposition. Rajasekaran et al. reported 
remarkable decrease of the structural and matrix proteins like BGN, COL2A1, DCN and VCAN in degenerated 
discs8. Our analysis revealed an even lower expression of DCN and VCAN in T2DM-IDD, suggesting even worse 
matrix disassembly in T2DM-IDD. IL17B, a pro-inflammatory cytokine, was also downregulated, suggesting 
a reduced inflammatory response in diabetic IVD tissues. Interestingly, vascular endothelial growth factor A 
(VEGFA), known for its roles in influencing microinflammation and abnormal neural elongation29, also showed 
intriguing results. We found that VEGFA expression was lower in NP tissue of T2DM-IDD samples than in 
non-T2DM-IDD samples. While VEGF expression was found to be increased in an injured IVD rat model, 
suggesting that it may be clinically important in discogenic pain30, VEGF vascularization pathway in human 
IVDs does not change during degeneration process31. These contradictory results suggest a new hypothesis that 
T2DM-associated IDD may trigger an alternative immune response to protect against disc degeneration, which 
requires further investigation.

Pathway enrichment analysis uncovered multiple pathophysiological factors such as oxidative 
phosphorylation, MYC targets, and fatty acid metabolism. The upregulation of oxidative phosphorylation and 
fatty acid metabolism pathways in diabetic IVD tissues indicates heightened metabolic activity and oxidative 
stress. The enrichment of MYC targets, E2F targets, G2M checkpoint and mitotic spindle not only suggests 
alterations in cell growth and proliferation in degenerated discs but also increased transcription and translation 
activities in cells, both of which may contribute to the accelerated IVD degeneration observed in T2DM patients.

Proline hydroxylation, a common post-translational modification in the ECM, was examined in our study. 
We identified 2,278 proline hydroxylation sites on 230 proteins, with significant enrichment in collagen and 
collagen-containing ECM proteins. Protein-protein interaction network analysis revealed a highly connected 
network among these proteins, particularly involving collagen, emphasizing the critical role of ECM 
modifications in diabetic IVD degeneration. Our findings align with previous research, such as studies by 
Sarath et al. 7and Rajasekaran et al. 8, which identified distinct proteomic signatures in normal and degenerated 
human IVDs. These studies highlight the significance of inflammation and metabolic dysregulation as seen 
by increased expression of proteins related to oxidative stress, apoptosis, and immune defense mechanisms, 
indicating active inflammation and tissue degradation in disc degeneration. The identification of hypoxia and 
glycolysis pathways enriched in T2DM-IDD not only indicate nutrient deprivation in degenerated discs but also 
support the observation of oxidative stress which may contribute to higher hydroxylation in collagens in T2DM 
IDD. Similarly, Fu et al. identified critical proteins involved in IDD pathogenesis using TMT-based proteomic 
analysis, proposing potential biomarkers and therapeutic targets. Along with our findings, these studies suggest 
a shift in clinical practice from relying solely on MRI to incorporating proteomic analysis for a more accurate 
understanding of disc health and disease. This could lead to the development of molecular targets for preventive 
therapies, potentially reducing the need for surgical interventions.

Overall, our study produced point-reference datasets of T2DM-IDD and non-T2DM-IDD. The differences 
in protein composition hold potential for informing future research and aiding in the discovery of therapeutic 
targets for managing IDD in T2DM patients and the associated burden of chronic low back pain. Further 
investigation is needed to unravel the complex interplay between T2DM and IDD at the molecular level, paving 
the way for potential treatments and interventions.

Our study provides a detailed proteomic profile of NP tissue from diabetic and non-diabetic IDD patients, 
revealing significant differences in protein expression that underscore the complex interplay between T2DM 
and IVD degeneration. The identified proteins and pathways highlight potential mechanisms by which diabetes 
exacerbates IDD, including increased oxidative stress, altered ECM composition, disrupted cell signaling, and 
heightened inflammation. These insights pave the way for future research aimed at developing targeted therapies 
to mitigate the impact of T2DM on IVD degeneration and improve outcomes for patients suffering from chronic 
low back pain. Further investigation using complementary approaches such as immunohistochemistry and 
Western blotting is needed to validate these findings and explore their therapeutic potential.

Previous studies have shown that the development of IDD has been associated with multiple factors, such 
as age32,33, sex34, body mass index (BMI)35,36, smoking37–41, and other lifestyle factors42. Machine learning (ML) 
and deep learning (DL) have emerged as powerful tools for identification of biomarker for clinical applications; 
however, low sample sizes in most proteomics studies limit the usage of ML/DL in the proteomics data analysis43. 
Our future study will expand the collection of the IDD samples to enable further investigations of these additional 
confounding factors in the development of IDD in T2DM patients using ML/AL and identification of diagnostic 
and prognostic IDD biomarkers for clinical applications.

Limitations and Future Directions.
This study has several limitations. First, the sample size was modest (n = 9), which may limit statistical 

power and the ability to fully control for potential confounders such as degeneration severity, age, BMI, and 
other metabolic variables. Second, this investigation was based on discovery-driven quantitative proteomics 
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without orthogonal validation (e.g., Western blotting or qRT-PCR) due to the unavailability of remaining tissue 
specimens following institutional transition. Therefore, the identified protein and pathway alterations should 
be interpreted as hypothesis-generating rather than definitive mechanistic conclusions. Third, functional 
assays were not performed to directly assess oxidative phosphorylation activity, oxidative stress levels, or the 
mechanistic basis of altered proline hydroxylation.

Future studies will involve prospective collection of a larger, clinically matched cohort of T2DM-IDD and 
non-T2DM-IDD specimens to enable targeted validation of prioritized proteins and pathways. Orthogonal 
validation using qRT-PCR, Western blotting, and targeted proteomics will be performed, along with mechanistic 
studies examining oxidative stress, mitochondrial function, and collagen-modifying enzymes to clarify causal 
relationships. Such investigations will strengthen the translational relevance of these proteomic findings and 
may identify actionable therapeutic targets for diabetic intervertebral disc degeneration.

Materials and methods
Surgical tissue collection
All samples were obtained from surgically treated degenerative pathology under a single tissue acquisition 
protocol. A total of 9 intervertebral disc specimens were collected for research use from 9 adult IDD patients 
undergoing lumbar discectomy between November 2020 and May 2022. Out of the 9 patients, 5 were identified 
as known cases of T2DM and referred to T2DM-IDD group, while the remaining 4 patients were non-T2DM 
and referred to as the non-T2DM-IDD group (Table 1). The study is limited by small sample size and the absence 
of a prospectively designed matching scheme for degeneration grade; therefore, residual confounding by severity 
cannot be excluded. The indication of discectomy for patients who consented and enrolled in this study was to 
treat symptomatic degenerative disc disease presenting with lumbar disc herniation or with spondylolisthesis. 
Trauma and patients presenting with infection or neoplastic process to the spine were excluded. Following a 
previously established protocol for tissue collection24, the NP tissue was carefully dissected by a Mayo Clinic staff 
surgeon and obtained from the surgical waste material containing disc or endplate tissue that would be otherwise 
discarded during discectomy in the operating room. The NP tissue specimens were thoroughly irrigated with 
sterile saline to minimize blood contamination during sample preparation, snap-frozen in liquid nitrogen, and 
stored at − 80 °C until proteomics analysis. Collection of the specimens used in this study was approved by Mayo 
Clinic institutional review board minimal risk protocol (IRB 17-003293). Because surgical waste product was 
used, the need for informed consent for NP tissue was waived by the ethics committee. All patients provided 
written informed consent for their surgical procedure under standard clinical practice. We confirm that all 
methods were carried out in accordance with relevant guidelines and regulations in all the experiments.

Protein extraction and trypsin digestion
Frozen NP specimens were dried in a lyophilizer, and 50 mg of dried tissue were used for subsequent extraction 
with a mortar and pestle on dry ice. 1 ml of 5% SDS in 50 mM TEAB (triethylammonium bicarbonate, pH 
8.5) was added to the tissue powder and probe sonicated at 60% power for 20 s three times. The extract was 
centrifuged at 4000 g for 30 min, and a BCA protein assay was performed. 200 µg of protein from each sample 
was taken for protein digest. 23 µl of 10% SDS in 100 mM TEAB was added. Samples were reduced using 2 µl 
of 500 mM TCEP (tris(2-carboxyethyl) phosphine) for 18 min in a 60 °C incubator, then alkylated with 2 µl of 
500 mM iodoacetamide for 10 min in the dark. Samples were acidified with 5 µl of 55% phosphoric acid and 
loaded onto S-Trap mini cartridges (Protifi, Huntington, NY) that had been pre-equilibrated with wash buffer 
(90% methanol in 50 mM TEAB). The solution was spun in the S-Trap cartridge at 4000 g for 30 s and the flow 
through was discarded. The wash buffer was spun through the S-trap 5 more times. Then trypsin was added in a 
1:10 trypsin: protein ratio and pulse spun to draw it into the cartridge. The samples were then digested overnight 
at 37 °C. The resulting peptides were eluted with washes of 50 mM TEAB, 0.2% formic acid, and 60% acetonitrile 
with 0.1% formic acid. Peptides were frozen, lyophilized, and reconstituted in 400 µl 100 mM TEAB for TMT 
labeling. After checking for 99% TMT labeling efficiency with a preliminary LC-MS run, peptides from each 
sample were mixed so that TMT reporter ion channels gave the same signal.

Patient sample Age (year)/Sex Group Discectomy levels Pfirrman Grade per level

1 28/M non-T2DM-IDD L5-S1 Grade IV

2 58/M non-T2DM-IDD L5-S1 Grade V

3 66/M non-T2DM-IDD L4-5 Grade V

4 45/M non-T2DM-IDD L5-S1 Grade V

5 88/F T2DM-IDD L4-5 Grade IV

6 57/M T2DM-IDD L5-S1 Grade V

7 72/M T2DM-IDD L4-5 Grade IV

8 56/M T2DM-IDD L4-5 Grade V

9 74/F T2DM-IDD L5-S1 Grade IV

Table 1.  Clinical and imaging characteristics of patients with IDD from whom the disc samples were obtained.
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Basic pH reversed phase high performance liquid chromatography (bRP-HPLC)
The mixed peptides were acidified and desalted using a Sep-Pak Plus Light C18 cartridge and then fractionated 
by bRP-HPLC on a reversed phase C18 column (4.6 × 100 mm column) using an Ultimate 3000 UHPLC System. 
96 fractions collected for a total run time of 80 min were concatenated into 24 fractions. These concatenated 24 
fractions were dried down in a speed vacuum system and stored at -80 °C before LC/MS-MS analysis.

Liquid chromatography tandem mass spectometry (LC-MS/MS)
Each fraction of peptides was analyzed by LC-MS/MS on a high-resolution Orbitrap Exploris 480 mass 
spectrometer (Thermo Fisher Scientific). Briefly, each fraction of peptides were resuspended in 0.1% 
trifluoroacetic acid, 0.2% formic acid, and 0.002% zwittergent 3–16, loaded onto an Halo EXP 2.7 μm C18 trap 
column (100 mm × 2 cm, Fisher Healthcare) at a flow rate of 8 µl/min and separated on a PepSep RSCL C18 
column (1.5  μm, 100  μm × 40  cm, Bruker) heated at 50  °C using a 150  min gradient by an Ultimate 3000 
system (Thermo Fisher Scientific) coupled with a high-resolution Fourier transform Orbitrap Exploris 480 mass 
spectrometer (Thermo Scientific). Ionization of eluting peptides was performed using an EASY-Spray source 
kept at an electric potential of 2.2 kV. All mass spectra were acquired in a data-dependent acquisition (DDA) 
mode set as: MS1 survey scan data from m/z 340-1,600 at 120,000 resolution (at m/z 120), 300% AGC,; MS/MS 
scan from m/z 110 at 45,000 resolution, a minimum precursor intensity of 50,000, isolation width of 0.7 m/z, 
200% AGC target, max fill time of 100 ms, HCD collision energy of 32%, for precursor charge states of 2–4.

Mass spectrometric data analysis
The mass spectra were searched against a UniProt human protein database (2024_01 version) by Andromeda 
algorithm on the MaxQuant (ver. 2.2.0.0) proteomics analysis platform. The search parameters were set: 
carbamidomethylation on cysteine residues, TMTpro-16plex modification on N-terminal and lysine residues as 
fixed modifications; protein N-terminal acetylation, oxidation on methionine residues, hydroxylation on proline 
residues; a maximum of two missed cleavages. The data were searched against the target decoy database and the 
false discovery rate was set to 1% at the peptide level. The reported ion intensities were used to quantitate the 
changes of identified proteins and protein proline hydroxylation sites.

Bioinformatics analysis
The TMT reporter intensities were log2-transformed, normalized and then used to calculate the fold-changes 
of each NP protein and proline hydroxylation site in T2DM-IDD patients compared with non-T2DM-IDD 
patients. Statistical significance of protein expression differences between groups was assessed using a Student’s 
t-test, and the resulting p-values were adjusted for multiple hypothesis testing using the Benjamini–Hochberg 
false discovery rate (FDR) correction. Proteins were considered differentially expressed based on the FDR-
adjusted p-values together with fold-change criteria. The gene ontology (GO) analysis of the identified proteins 
and proline-hydroxylated proteins were performed using PANTHER44,45. Heatmap of the differentially 
expressed proteins was created using the R package ComplexHeatmap46. Gene set enrichment analysis (GSEA) 
of NP proteins was conducted using the “fgsea’ R package47. The analysis used genes ranked by log-transformed 
fold change and FDR-adjusted p-value obtained from protein expression comparison between T2DM-IDD and 
non-T2DM-IDD. The HALLMARK gene set collection from MSigDB 2023.2 database served as input files. 
The resulting GSEA outputs were visualized in R using the ggplot2 package48. Protein-protein interaction 
network among differentially expressed NP proteins in T2DM-IDD compared to non-T2DM-IDD and proline 
hydroxylated proteins were generated using stringApp (version 2.1.1) in Cytoscape (version 3.10.02)49 against the 
STRING (physical) Database version 11.5 50. The protein-protein interaction clusters in differentially expressed 
NP proteins in T2DM-IDD compared to non-T2DM-IDD were generated using MCL Clustering (granularity 
parameter: 4) in the stringApp (version 2.1.1) in Cytoscape (version 3.10.02)49.

Data availability
Data is provided within the manuscript or supplementary information files.
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