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A B S T R A C T

Background: Mitophagy selectively eliminates potentially cytotoxic and damaged mitochondria
and effectively prevents excessive cytotoxicity from damaged mitochondria, thereby attenuating
inflammatory and oxidative responses. However, the potential role of mitophagy in intervertebral
disc degeneration remains to be elucidated.
Methods: The GSVA method, two machine learning methods (SVM-RFE algorithm and random
forest), the CIBERSORT and MCPcounter methods, as well as the consensus clustering method and
the WGCNA algorithm were used to analyze the involvement of mitophagy in intervertebral disc
degeneration, the diagnostic value of mitophagy-associated genes in intervertebral disc degen-
eration, and the infiltration of immune cells, and identify the gene modules that were closely
related to mitophagy. Single-cell analysis was used to detect mitophagy scores and TOMM22
expression, and pseudo-temporal analysis was used to explore the function of TOMM22 in nucleus
pulposus cells. In addition, TOMM22 expression was compared between human normal and
degenerated intervertebral disc tissue samples by immunohistochemistry and PCR.
Results: This study identified that the mitophagy pathway score was elevated in intervertebral disc
degeneration compared with the normal condition. A strong link was present between mitophagy
genes and immune cells, which may be used to typify intervertebral disc degeneration. The single-
cell level showed that mitophagy-associated gene TOMM22 was highly expressed in medullary
cells of the disease group. Further investigations indicated the upregulation of TOMM22
expression in late-stage nucleus pulposus cells and its role in cellular communication. In addition,
human intervertebral disc tissue samples established that TOMM22 levels were higher in disc
degeneration samples than in normal samples.
Conclusions: Our findings revealed that mitophagy may be used in the diagnosis of intervertebral
disc degeneration and its typing, and TOMM22 is a molecule in this regard and may act as a
potential diagnostic marker in intervertebral disc degeneration.
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1. Introduction

Despite advances in surgery and medicine, low back pain (LBP) remains a major economic burden and a key reason for health-
related spending [1]. Intervertebral disc degeneration (IDD) is considered to be the main pathologic cause of LBP [2]. The patho-
genesis of IDD is complex and varied, and multiple factors, such as genetics, age, and environment, are involved [3]. The nucleus
pulposus (NP), which is the interior of the intervertebral disc, maintains disc height and matrix homeostasis as well as distributes the
pressure across the endplates. Therefore, NP plays a vital role in maintaining disc functionality both biologically and mechanically [4,
5]. Excessive apoptosis of NP cells (NPCs) is widely recognized as the main cause of IDD [6]. Certain studies have reported that in-
hibition of NPCs apoptosis is a viable treatment option for IDD [7,8]. However, the apoptotic pathway of NPCs remains poorly
understood.

Autophagy exerts anti-aging and quality control effects by eliminating senescent or damaged organelles and proteins [9,10]. The
dysregulation of this process is commonly associated with a wide range of diseases, including cancer, liver disease, cardiovascular
disease, and neurodegeneration [11–13]. Mitophagy is a key selective autophagic process that protects cells from mitochondrial
apoptosis and dysfunction [14]. However, excessive mitophagy can eliminate several mitochondria and lead to apoptosis [15]. As the
pathogenesis of IDD includes oxidative stress, mitochondrial dysfunction, and apoptosis [16], mitophagy may play a potential role in
it. However, limited information is available in the literature in this regard, and the specific mechanism is yet to be clarified.

More and more diseases can be found for their biomarkers by using machine learning and single-cell analysis [17–19], thereby
improving diagnostic accuracy, and as a gene related to mitophagy, TOMM22 has been reported and studied in many diseases [20,21],
and some studies have reported that TOMM22 plays an important role in maintaining mitochondrial dynamic homeostasis [22,23].

Therefore, this study, aimed to explore the role of mitophagy and its mitophagy-associated molecule TOMM22 in IDD and verify the
differences in the expression of TOMM22 using human tissue samples.

2. Materials and methods

2.1. Data collection and processing

Two gene expression profiles of intervertebral disc (GSE23130, GSE70362) were downloaded from the Gene Expression Omnibus
(GEO) database (https://www.ncbi.nlm.nih.gov/geo/) [24,25]. The two datasets were integrated using the sva package. GSE165722,
which contains single-cell RNA sequencing (scRNA-seq) data of IDD, was also downloaded from the GEO database [26]. Seurat
pipeline was performed on the scRNA-seq data and included cell filtering, normalization, scaling, and dimensional reduction.

2.2. Differential expression analysis, feature selection, and machine learning

Differential expression analysis of the microarray data was performed using the limma package. SVM-RFE algorithm and random
forest were applied to select the key diagnostic markers [27]. In both methods, the top 10 genes with the largest importance were chose
and underwent intersection to screen out the most crucial and robust diagnostic factors. Subsequently, a logistic model was created
with the selected features using the glm function. Its predictive efficacy was evaluated using the receiver operating characteristic
curve. Furthermore, 1000-time bootstrap validation was performed using the boot package [28]. A nomogram was plotted using the
regplot package. The rms package was used to visualize the calibration curve, and ggDCA was applied to perform decision curve
analysis.

2.3. Gene set scoring and immune cell evaluation

Gene set scoring was performed using the GSVA package for the microarray data and using the AddModuleScore function for the
scRNA-seq data. The mitophagy gene set was downloaded from the Reactome database. CIBERSORT and MCPcounter were used to
determine immune cell infiltration in the samples [29]. The correlation between immune cells and genes was calculated using the
psych package and visualized with a heatmap.

2.4. Clustering and weighted correlation network analysis

Consensus cluster analysis was performed using “ConsensusClusterPlus” to obtain information on the patients’ heterogeneity. The
km method and 100-time repetitions were used [30]. Clinical traits and immune cell proportions were compared between clusters
[31]. Furthermore, the weighted gene correlation network analysis (WGCNA) package was used to identify crucial gene modules
between clusters [32]. The scale-free topology criterion was used to select the soft threshold parameter of the power adjacency
function, and the optimal value was accepted based on the SFT criterion recommendation. The significant gene module was subse-
quently extracted for gene function enrichment, which was performed using the clusterProfiler package [33].

2.5. Single-cell analysis

Cell types were annotated by combining the SingleR package and previous studies. To elucidate the function of TOMM22 at the
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single-cell level, cell developmental trajectory analysis was done using Monocle2 [34]. The relationship between the expression and
pseudotime was plotted. The cells were then separated into TOMM22+ and TOMM22− based on TOMM22 expression. Cell–cell
communications were analyzed using the Cellchat package [35].

2.6. Tissue sample collection

5 human Non-IDD samples (simple lumbar isthmus fracture without degeneration, age 35–76 years, Non-IDD) and 12 human IDD
samples (37–75 years, Grade III) and 10 human IDD samples (age 41–76 years, Grade V) were collected from patients who had un-
dergone diskectomy at the Sixth People’s Hospital of Shanghai Jiao Tong University School of Medicine. The extent of IDD was graded
according to the Pfirrmann Grading System [36].This research was approved by the Accreditation Committee of the Shanghai Sixth
People’s Hospital, and all patients agreed to participate in the study and signed an informed consent form. Tissue samples were frozen
and stored in liquid nitrogen immediately after separation until use.

2.7. RNA extraction and reverse transcription-polymerase chain reaction validation

RNA was extracted from intervertebral disc tissues using the Total RNA Extraction Kit (Shabio, Shanghai, China) according to the
manufacturer’s protocol. cDNA was reverse transcribed from RNA using the RevertAid™ H Minus First Strand

cDNA Synthesis Kit. Reverse transcription-polymerase chain reaction (RT-PCR) was performed using the SYBR® Green MasterMix
in the ABI PRISM® 7500 Sequence Detection System (Applied Biosystems Inc: Foster City, CA). Three replicate wells were set up for
each sample. Glyceraldehyde 3-phosphate dehydrogenase served as the internal standardization control, and TOMM22 primer se-
quences were synthesized by Sangon Biotech (Shanghai, China). The relative fold expression of RNA was determined using the 2− ΔΔct

Fig. 1. (A) A higher GSVA score was detected in IDD than in normal control. (B) The heat map displays the expression of mitophagy genes. (C) The
volcano plot displays the expression differences of mitophagy genes. (D) The box plot described the expression differences of mitophagy genes in
IDD. *p < 0.05.
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method.

2.8. Western blotting

Proteins were extracted and their content was determined using the bicinchoninic acid assay method (Thermo Scientific, USA).
Equal amounts of protein lysate were separated using 10 % sodium dodecyl sulphate-polyacrylamide gel electrophoresis and then
transferred to a poly (vinylidene fluoride) membrane. After being closed with fresh 5 % skimmed milk in Tris-buffered saline with 0.1
% Tween 20 (TBST) for 2 h at room temperature, the membranes were incubated with the primary antibody against TOMM22 at 4 ◦C
overnight. Subsequently, after washing with TBST, the membranes were incubated with the corresponding enzyme-labeled secondary
antibody for 2 h at room temperature. Proteins on the membrane were assayed using the ECL Western blotting (WB) detection system
(Thermo Scientific, USA) and quantified using the ImageJ software (Rawak Software, Germany).

2.9. Histological evaluation

Paraffin sections were prepared from isolated human intervertebral disc samples and stained with hematoxylin–eosin (HE) and
safranin O-fast green (SO) according to the manufacturer’s instructions. The HE and SO-stained images were observed under a mi-
croscope (Olympus Corp, Japan).

Fig. 2. (A) The error-rate confidence intervals for the random-forest model. (B) The relative importance of genes in the random-forest model. (C)
Logistic regression model constructed with 4 genes. (D) Bootstrap validation based on 4 gene constructs. (E) Calibration curve to assess the pre-
dictive power of the logistic model. (F) Nomogram to predict the occurrence of IDD. (G) Decision curve analysis of the logistic model.
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2.10. Immunohistochemistry

The isolated human intervertebral disc samples were embedded in paraffin, followed by sectioning, dewaxing, hydration, antigen
repair, sealing, antibody incubation, and color development. The prepared samples were then observed microscopically and photo-
graphed (Olympus Corp, Japan).

2.11. Statistical analysis

SPSS software (version 22.0) was utilized for statistical analysis. All raw data were processed on the R software (version 4.2.1).
Independent samples t-test was employed to compare the statistical differences between the two groups, and p < 0.05 was considered
statistically significant.

3. Results

3.1. Identification of mitophagy-associated differentially expressed genes in IDD

To investigate the involvement of the mitophagy pathway in IDD, the GSVA method was initially employed. The results demon-
strated that the mitophagy pathway score was higher in the IDD group than in the control (CT) group with normal tissues (Fig. 1A). The
19 mitophagy-associated genes were visualized using a heatmap (Fig. 1B) and a volcano plot (Fig. 1C). These studies further delineated

Fig. 3. (A) Correlation map of genes and immune cells based on CIBERSORT algorithm. (B) Correlation map of four diagnostic genes and immune
cells based on the MCP counter algorithm. (C) Correlation diagram of four diagnostic genes and inflammatory factors. *p < 0.05, **p < 0.01, ***p
< 0.001.
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the differences between the IDD and CT groups and revealed that the expressions of MAP1LC3B and TOMM22 were elevated in the CT
and IDD groups, respectively. With regard to differences in the expressions of mitophagy genes, TOMM22, MAP1LC3B, and SRC
showed significance (Fig. 1C and D).

3.2. Mitophagy-associated diagnostic model for predicting IDD

To discern the diagnostic value of mitophagy-associated genes in IDD, twomachine learning algorithms were applied to identify the
diagnostic genes. The top 10 genes were identified using SVM-RFE and random forest algorithms (Fig. 2A and B). Intersecting the
results of the two algorithms revealed four genes, namely, MAP1LC3B, TOMM22, MFN2, and SRC. In the subsequent analysis, a
multifactor logistic regression model that incorporated the four identified genes was applied. The model showed an area under the
curve (AUC) value of 0.741 (Fig. 2C). The performance of the model was further validated using 1000 bootstrap samples (Fig. 2D). The
calibration curve, used to assess the predictive accuracy of the classifier, indicated negligible differences between the predicted and
observed IDD risks (Fig. 2E), which underscored the robustness of the model. A nomogram derived from the logistic regression model
was then generated (Fig. 2F), and the decision curve suggested the potential clinical value of the model (Fig. 2G).

3.3. Immune cell infiltration and mitophagy-associated genes

Immune characteristics were assessed using the CIBERSORT method. Of the 19 genes, MFN2 exhibited a positive correlation with
M0 macrophages and resting mast cells (Fig. 3A). Conversely, MFN2 showed a negative correlation with activated dendritic cells.

Fig. 4. (A) Heat map of the analysis of differences among the 2 subtypes and correlation analysis between subtypes and clinicopathological features.
(B) The proportion of tissue grade in the 2 clusters. (C) Box line plots describing the mRNA expressions of mitophagy-associated DEGs between
clusters. (D) Box line plots describing the expressions of immune cells between clusters. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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TOMM22was also positively associated with M0macrophages and resting mast cells but negatively correlated with activated dendritic
cells (Fig. 3A). Furthermore, according to theMCP-counter method, the diagnostic genes were strongly linked to NK cells, fibroblasts, B
lineage, and monocytic lineage (Fig. 3B). Correlation curves were subsequently generated for the four diagnostic genes and inflam-
matory factors, which highlighted that the four selected genes were strongly associated with IL7, IL15, IL1A, and IL13 (Fig. 3C).

3.4. Differences in mitophagy regulators and immune infiltration characteristics between mitophagy clusters

To comprehend the heterogeneity in patients with regard to mitophagy, 28 IDD samples were categorized based on the expression
profiles of 19 metabolism-related genes (MRGs) using a consensus clustering method. The findings indicated that the stability of the
cluster numbers peaked when the k-value was set to two (k= 2). To delineate the molecular differences between clusters, variations in
the expressions of 19 MRGs between Cluster 1 and Cluster 2 were analyzed. Clear differences in MRG expression were noted between
the two mitophagy patterns (Fig. 4A and C). Specifically, Cluster 1 displayed elevated expressions of TOMM22, UBA52, TOMM20,
MFN2, CSNK2A2, and RPS27A. Furthermore, Cluster 1 showed a higher disease degree than Cluster 2 (Fig. 4B). In contrast, Cluster 2
predominantly showed increased expression of ULK1. Plasma_cells were expressed to a greater extent in Cluster 1 than in Cluster 2,
whereas NK_cells_activated were expressed to a lesser extent in Cluster 1 than in Cluster 2 (Fig. 4D).

Fig. 5. (A) Cluster tree dendrogram of the co-expression modules. (B) Correlation analysis between module eigengenes and clinical status. Each row
represents a module; each column represents a clinical status. (C) Differences in the biological functions between Cluster 1 and Cluster 2 samples
ranked by the t-value of the GSVA method.

Y. Wu et al.
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3.5. Screening of gene modules and construction of coexpression network

To identify gene modules intricately linked to mitophagy clusters, the WGCNA algorithm was employed. 14 significant modules
encompassing 4422 genes were recognized (Fig. 5A), and the heatmap illustrated the TOM of all module-associated genes. When the
relationship between module and clinical features (Cluster 1 and Cluster 2) was analyzed, it signified a strong correlation between the
blue module, which contained 1115 genes, and IDD clusters (Fig. 5B). Furthermore, functional enrichment analysis suggested the
prominent association of Cluster 1 with protein synthesis and oxidative stress (Fig. 5C). Hence, Cluster 1 might play a pivotal role in
these processes.

3.6. Examination of mitophagy scores and TOMM22 expression using single-cell analysis

The GSE165722 dataset was evaluated to determine the mitophagy scores at the single-cell level. Initially, cell populations were
categorized into 21 clusters. Based on the expressions of marker genes, these clusters were subsequently consolidated into 9 distinct
cell populations: myelocytes, neutrophils, promyelocytes, pre-B cells, NPCs, erythroblasts, T cells, monocytes, and macrophages
(Fig. 6A and B). In-depth analysis revealed that cells with high mitophagy scores predominantly resided within NPCs (Fig. 6C).
Notably, TOMM22 showed significant distributional differences in NPCs, which largely agreed with the distribution of mitophagy
(Fig. 6C and D), and the NPCs_IDD had slightly higher TOMM22 levels than the NPCs_CT (Fig. 6 E).

Fig. 6. (A) Cell clusters for GSE165722 of 8 IDD samples. (B) Cell markers for clusters’ annotation. (C) The mitophagy scores between IDD and CT.
(D–E) The TOMM22 expression between IDD and CT.
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3.7. The crosstalk of TOMM22+ cells with monocytes was the strongest

To further explore the function of TOMM22 in NPCs, pseudotime analysis was performed using Monocle2, which indicated that
TOMM22 was expressed in late developmental NPCs (Fig. 7A). Two redefined subclusters of NPCs, namely, TOMM22+ and
TOMM22− , were discerned. The network approach was employed to determine the weight and strength of their interactions, which
revealed that TOMM22+ NPCs exhibited enhanced communication with monocytes (Fig. 7B–D). Delving deeper into the strength of
secretory signals across diverse cell types using heatmaps signified the pronounced activation of pivotal pathways in the extracellular
matrix (Fig. 7E).

3.8. Validation of TOMM22 expression in human intervertebral disc tissue samples

To evaluate the expression of TOMM22 in human intervertebral disc tissue samples, a total of 27 patients who underwent dis-
kectomy were included, of which 22 patients had lumbar disc herniation with degeneration (12 cases of Grade III intervertebral disc
degeneration and 10 cases of Grade V intervertebral disc degeneration) and the remaining 5 patients had simple lumbar isthmus
fracture without intervertebral disc degeneration (Non-IDD). Intervertebral discs with varying levels of degeneration show differences
in signal intensities on T2-weighted magnetic resonance imaging (Fig. 8A). HE and SO staining were performed on Non-IDD, Grade III,

Fig. 7. (A) Pseudotime trajectory inferred by monocle and colored according to the cell subpopulation. (B–D) Cellular communication of TOMM22-
positive and other cells. (E) Heatmap demonstrating the significant activation of key efferent signals.
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and Grade V intervertebral disc tissues. The results implied that the degenerated intervertebral disc tissues (Grade III and Grade V)
exhibited reduced elasticity and volume shrinkage compared with normal tissues (Non-IDD). The greater the degree of degeneration,
the more pronounced the reduction in elasticity and volume (Fig. 8B). In addition, immunohistochemical analysis was performed,
which showed that Grade III and Grade V intervertebral disc tissues had higher TOMM22 staining intensity and TOMM22+ cell rate
compared with Non-IDD (Fig. 8C and E). Moreover, the findings of PCR showed that the expression of TOMM22 in Grade III and Grade
V intervertebral disc tissues were significantly higher than that in Non-IDD (Fig. 8D), which agreed with our previous analysis. All
these results indicated that the IDD group had a higher TOMM22 expression.

4. Discussion

As a leading cause of LBP, IDD is a major contributor to the burden of health expenditures worldwide owing to a limited under-
standing of its pathogenesis and the lack of effective prevention and treatment methods [37]. IDD therapy can be classified into
conservative and surgical treatments [38]. Anti-inflammatory drugs, analgesics, and physiotherapy are symptomatic treatments that
can only alleviate symptoms and retard the process but cannot truly treat or reverse IDD. Surgical interventions are the last resort as
these are often associated with intraoperative and postoperative complications [39]. Therefore, new tools for the early diagnosis and
pharmacologic treatment of IDD that address the pathologic mechanisms of the condition are urgently needed.

Mitophagy is a selective autophagy that promotes the degradation of damaged mitochondria and prevents excessive inflammation
[40]. This process plays a pivotal role in regulating mitochondrial integrity and maintaining mitochondrial dynamic homeostasis [41].
Various risk factors have been reported to promote IDD events by inducing oxidative stress [42]. The role of mitophagy in IDD has been
investigated, which revealed that NPCs apoptosis due to disc degeneration is associated with mitochondrial dysfunction and
mitophagy inhibition [43]. PINK1 prevents mitochondrial dysfunction and apoptosis by inducing mitophagy. PINK1 deficiency leads
to mitochondrial dysfunction, increased oxidative stress, and aggravates cellular senescence in NPCs, alluding that mitophagy plays a
key role in preventing NPCs senescence [44]. In addition, LRRK2 is involved in the pathogenesis of IDD, and its knockdown promotes
mitophagy to inhibit oxidative stress-induced NPCs apoptosis [45]. Based on these findings, mitophagy was hypothesized to be
associated with the presence of IDD.

To investigate the role of mitophagy in IDD, both normal and degenerative disc tissues were included in this study, and the
mitophagy pathway score was found to be higher in IDD. Further investigations revealed that of the 19 mitophagy-associated genes,
only TOMM22, MAP1LC3B, and SRC were associated with IDD. Of these, TOMM22was positively correlated with IDD, andMAP1LC3B
was negatively correlated. Random forest model, logistic regression model bootstrap validation, calibration curve, and nomogram
asserted the diagnostic value of these mitophagy-associated genes in predicting IDD. The 4 mitophagy-associated genes cumulatively

Fig. 8. (A) Magnetic resonance T2-weighted images of the Non-IDD, Grade III, and Grade V human intervertebral disc tissues. The red arrows
indicate degenerated intervertebral disc tissues. Scale bar = 5 cm. (B) H&E and Safranin O staining of the NP from human intervertebral disc tissues
can be seen. Scale bar = 200 μm. (C) IHC staining for TOMM22 in the NP from human intervertebral disc tissues. Positively stained cells appear
brown in color. Scale bar = 200 μm. (D) The mRNA expression of TOMM22 in the NP from human intervertebral disc tissues, **p < 0.01; ***p <
0.001; ****p < 0.0001, n = 5. (E) The expression level of TOMM22 was shown as the percentage of positively stained area, **p < 0.01. (For
interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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had a better diagnostic effect, which further suggests that mitophagy pathway scores may be used for the diagnosis of IDD.
Mitophagy plays a crucial role in the regulation of inflammation by eliminating damaged mitochondria, inhibiting the inflam-

matory response, and reducing further damage [46–48]. Immunocyte analysis confirmed the close association of the
mitophagy-associated genes TOMM22, MFN2, MAP1LC3B, and SRC with NK cells, fibroblasts, B lineage, andmonocytic lineage as well
as the immune factors IL7, IL15, IL1A, and IL13. This finding implies that mitophagy-associated genes may be involved in immune
regulation during the pathogenesis of IDD. However, further experimental studies are needed to confirm this hypothesis.

The 28 IDD samples were classified into 2 categories using the consensus clustering method, with Cluster 1 having a higher degree
of disease than Cluster 2. Cluster 1 showed elevated expressions of TOMM22, UBA52, TOMM20, MFN2, CSNK2A2, RPS27A, and
plasma cells, whereas Cluster 2 showed increased expression of ULK1 and activated NK cells. Subsequently, the WGCNA algorithm was
applied, which suggests the association of Cluster 1 with protein synthesis and oxidative stress. IDD has previously been reported to be
associated with the onset of oxidative stress and proteoglycan loss [49], which is in line with our findings.

Single-cell analysis indicated that NPCs were predominantly the cells with high mitophagy scores, and the IDD group had high
TOMM22 expression. This expression increased with age, and TOMM22+ NPCs exhibited improved communication with monocytes
and significantly activated key pathways in the extracellular matrix.

To identify the important regulators associated with mitophagy, the 19 key genes linked to mitophagy obtained by examining the
disc samples were analyzed, which revealed that TOMM22 is one of the core genes in the entire network.

TOMM22 is the central component of the TOMM (mitochondrial outer membrane translocase) receptor complex, which is involved
in the recognition and translocation of synthetic mitochondrial precursor proteins and plays a cruial role in mitophagy [50,51].
Phosphorylated TOMM22 is thought to be a vital switch in mitophagy [52]. However, reports on the role of TOMM22 in mitophagy are
limited. Some scientists have suggested that mutations in the TOMM22 gene are associated with mitochondrial dysfunction [53]. A
study showed that TOMM22 gene overexpression plays an important role in the pathophysiology of pancreatic cancer by altering
mitochondrial input and function, and that the degree of TOMM22 expression is positively correlated with the degree of malignancy of
pancreatic cancer, which can be used as a potential diagnosis and predictor of pancreatic cancer [54], which corresponds to our study.
In our study, the distribution of TOMM22 and mitophagy was roughly consistent, and both were mainly concentrated in NPCs, which
were linearly correlated. The IDD group exhibited higher TOMM22 and mitophagy, especially a significant increase in TOMM22,
which suggests that both play negative roles in the regulated progression of IDD, and apoptosis of NPCs is an important cause of IDD
progression [55,56], so we hypothesized that the mechanism of TOMM22 and mitophagy regulating IDD might be related to NPCs.
Furthermore, TOMM22 increased significantly in the late stage of development, and IDD is a degenerative disease [57]. This finding
implies that the trend of TOMM22 and IDD is basically consistent, and hence, we have reason to believe that TOMM22 has the potential
as a diagnostic indicator for IDD.

The role of mitophagy in IDD remains controversial [58,59], and althoughmost of studies have reported that mitophagy is involved
in the development of IDD [60,61], the effects of mitophagy on IDD are not entirely positive. Excessive mitophagy leads to the
apoptosis of NPCs, whereas the upregulation of NDUFA4L2 expression can ameliorate apoptosis of NPCs by inhibiting excessive
mitophagy [62]. While appropriate mitophagy eliminates damaged and dysfunctional mitochondria, averts their undesirable stimuli,
and promotes cell survival, excessive mitophagy causes excessive mitochondrial clearance and induces inflammation [49], which in
turn induces apoptosis [63,64]. Therefore, the rational regulation of mitophagy is crucial for the prevention and treatment of IDD [65].
Our findings suggested that mitophagy seem to be more detrimental than beneficial. We hypothesize that as IDD progresses, excessive
mitochondrial clearance triggers inflammation and induces apoptosis of NPCs, which worsens IDD progression. The inhibition of
mitophagy may slow down this progression, but further studies are required to confirm these hypotheses.

Based on the current findings, TOMM22 appears to be a molecule in mitophagy and has a linear relationship with IDD, but our
study still has shortcomings. Firstly, the role of mitophagy in IDD and its mechanism have not been fully confirmed, and the association
between TOMM22 and mitophagy still needs further research. Secondly, the sample sizes of machine learning and single-cell analysis
were from GEO database, which were relatively weakly persuasive. In addition, previous studies on TOMM22 were fewer and lacked
the support of relevant literature, which required further in vivo and in vitro experiments to confirm the relationship between
TOMM22 and IDD. More importantly, although the linear relationship between TOMM22 and IDD was verified by immunohisto-
chemistry and PCR, this was not sufficient, which required larger samples and more clinical data to confirm the relationship.

5. Conclusion

This study identified a link between mitophagy and IDD by combining machine learning algorithms, single-cell analysis and
validation with human tissue samples. Mitophagy pathway scores and the expression of TOMM22, a molecule involved in mitophagy,
were shown to be elevated in patients with IDD. This study provided new insights into the relationship between mitophagy and IDD,
and the findings confirmed that TOMM22 may be used as a potential predictive and diagnostic indicator of IDD.
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