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ARTICLE INFO ABSTRACT
Keywords: Background: Lumbar disc degeneration (LDD) is an important pathological basis for the devel-
Bioinformatics opment of degenerative diseases of the lumbar spine. Most clinical patients have low back pain as
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Biomechanics

Genes

Targeted drugs

their main symptom. The deterioration of the biomechanical environment is an important cause
of LDD. Although there is a large amount of basic research on LDD, there are fewer reports that
correlate biomechanical mechanisms with basic research. Our research aims to identify 304 key
genes involved in LDD due to biomechanical deterioration, using a bioinformatics approach. We
focus on SMAD3, CAV1, SMAD7, TGFB1 as hub genes, and screen for 30 potential target drugs,
offering novel insights into LDD pathology and treatment options.

Methods: The Gene Cards, GenCLip3, OMIM and Drugbank databases were explored to obtain
genes associated with biomechanics and LDD, followed by making veen plots to obtain both co-
expressed genes. GO enrichment analysis and KEGG pathway analysis of the co-expressed genes
were obtained using the DAVID online platform and visualised via a free online website. Protein
interaction networks (PPI) were obtained through the STRING platform and visualised through
Cytoscape 3.9.0. These genes were predicted for downstream interaction networks using the
STITCH platform. Then, the GSE56081 dataset was used to validate the key genes. RT-PCR was
used to detect mRNA expression of core genes in the degenerated nucleus pulposus (NP) samples
and western bolt was used for protein expression. Lastly, the obtained hub genes were searched in
the drug database (DGIdb) to find relevant drug candidates.

Results: From the perspective of biomechanics-induced LDD, we obtained a total of 304 genes, the
GO functional enrichment and KEGG pathway enrichment analysis showed that the functions of
these genes are mostly related to inflammation and apoptosis. The PPI network was constructed
and four Hub genes were obtained through the plug-in of Cytoscape software, namely SMAD3,
CAV1, SMAD7 and TGFB1. The analysis of key genes revealed that biomechanical involvement in
LDD may be related to the TGF-f signaling pathway. Validation of the GSE56081 dataset revealed
that SMAD3 and TGFB1 were highly expressed in degenerating NP samples. RT-PCR results
showed that the mRNA expression of SMAD3 and TGFB1 was significantly increased in the severe
degeneration group; Western blot results also showed that the protein expression of TGFB1 and P-
SMAD3 was significantly increased. In addition, we identified 30 potential drugs.
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Conclusion: This study presented a new approach to investigate the correlation between biome-
chanical mechanisms and LDD. The deterioration of the biomechanical environment may cause
LDD through the TGF-f signaling pathway. TGFB1 and SMAD3 are important core targets. The
important genes, pathways and drugs obtained in this study provided a new basis and direction
for the study, diagnosis and treatment of LDD.

1. Introduction

Lumbar disc degeneration (LDD) can contribute to a variety of degenerative diseases of the lumbar spine, such as discogenic back
pain, lumbar spinal stenosis and lumbar disc herniation. It is a major cause of low back pain and a serious threat to the physical and
mental health of patients [1]. It is estimated that around 20% of young people have mild disc degeneration and 80% have experienced
back pain during their lifetime [2]. More research has been done on LDD and the results have shown that it has a complex pathogenesis,
mainly including biomechanical deterioration, aging, inflammation, apoptosis, nutritional deficiencies and genetics [3]. A strong link
exists between the deterioration of the biomechanical environment and LDD. It has been shown that unstable mechanical loading can
cause degradation of the extracellular matrix of the nucleus pulposus(NP), ultimately leading to the development of degenerative
lumbar spine disease [4].

The structure of the intervertebral disc supports body movement and withstands sustained external mechanical stress. In normal
life, the lumbar disc is under pressure and a healthy disc will undergo some deformation when the force is applied to the lumbar spine,
when the force disappears it returns to original state. So it is evident that the disc is in a dynamic biomechanical environment over
time. When a disc degenerates, the biomechanics of the lumbar spine changes, ultimately affecting the ability of the lumbar spine to
transmit and distribute load forces [5]. Nonetheless, excessive mechanical loading can also cause intervertebral disc damage and
degeneration [6]. It is evident that LDD and the deterioration of the biomechanical environment is an inferior cyclic process, so it is
extremely necessary to pay attention to the mechanisms of biomechanics in the study of disc degeneration (DD).

With the advent of modern information technology, bioinformatics has emerged as a pivotal discipline at the intersection of biology
and informatics, revolutionizing our approach to genetic research. It provides an invaluable framework for researchers to mine vast
biological databases for pertinent genes, enhancing our understanding and application of these genetic elements [7]. Traditional
research on DD often segregates genetic analysis from biomechanical considerations — an approach that fails to consider the synergistic
interplay between these two critical factors. This study aims to transcend this traditional dichotomy, leveraging bioinformatics to
integrate molecular genetics with biomechanical insights, thereby offering a comprehensive perspective on the pathogenesis of LDD.
We specifically focus on unraveling the elusive genetic mechanisms that link biomechanical changes to LDD, employing an integrative
methodology that encompasses both bioinformatics and experimental validation. Our goal is to elucidate the intricate molecular
interactions underlying LDD, advancing our understanding of its pathophysiology within the context of biomechanical dynamics.

2. Materials and methods
2.1. Data download and pre-processing

Screening of biomechanically relevant targets for LDD in four commonly used human genetic databases (Gene Cards, GenCLip3,
OMIM and Drugbank) [8-11]. The Gene Cards database contains a large number of genes, and in order to improve the screening
accuracy, only the target genes with the top 500 score values are selected. The search terms were “lumbar disc degeneration”,

“degenerative lumbar disc”, “biomechanics” and “biomechanical”. The obtained target information was combined, de-duplicated and
corrected.

2.2. Shared targets screening and venn diagramming

Venn diagrams of biomechanics and LDD targets were plotted through the online network (https://bioinfogp.cnb.csic.es/tools/
venny/) to identify common genes.

2.3. Shared targets PPI network construction and modular analysis

Import the obtained shared targets into the STRING platform (https://string-db.org/) to build a target PPI network [12]. The PPI
network TSV format was downloaded and imported into the Cytoscape 3.9.0 platform for the next step. The molecular complex
detection (MCODE) plug-in was used for clustering and the CytoHubba plug-in was used to find hub genes.
2.4. GO functional enrichment analysis and KEGG pathway enrichment analysis

GO enrichment analysis and KEGG pathway analysis were performed using the DAVID online tool (https://david.ncifcrf.gov/) to

clarify the functions and possible pathways, and the content was downloaded in text file format. GO analysis was plotted using the
Microbiology website (http://www.bioinformatics.com.cn/), which consisted of three main aspects, biological process (BP),
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molecular function (MF) and cellular component (CC). The KEGG pathway was enriched for shared targets (P < 0.05) and the results
are shown as bubble plots. The possible pathways of the shared genes were screened together with the relevant literature. Not only
that, STITCH database(http://stitch.embl.de/) was used to demonstrate the interaction network downstream of key genes.

2.5. Drug-gene interactions

Use the Drug-Gene Interaction Database (DGIdb) (http://www.dgidb.org) [13] to screen for target drugs that may treat the hub
gene. Screening criteria were: must be approved by the US Food and Drug Administration. Such drugs are listed and demonstrated.

2.6. Validation of the hub genes

To clarify the expression of hub genes, the specific expression of the obtained pivotal genes was validated by the independent
datasets GSE56081 in the GEO datebase(https://www.ncbi.nlm.nih.gov/geo/).

3. Experimental validation
3.1. Subjects

The nucleus pulposus specimens (NPS) were obtained by patients from the Department of Orthopaedics at the Affiliated Hospital of
Integrative Medicine, Nanjing University of Traditional Chinese Medicine, who suffered from lumbar disc herniation (LDH) and un-
derwent percutaneous endoscope lumbar discectomy (PELD). Patients were admitted from November 2020 to March 2022. A total of
22 patients were included. Two orthopaedic surgeons scored the degree of DD by the Pfirrmann classification method, and after final
selection, NPS from 12 patients were used for the experiment. Six patients with mild degeneration (MD) and six patients with severe
degeneration (SD) were included, including eight men and four women.

3.2. Quantitative Real-Time PCR

NPS were removed and quickly frozen at —80 °C. 50 mg of each sample was taken and divided into two EP tubes for the MD and SD
groups. Total RNA was extracted using the Trizol method and reverse transcribed into cDNA using the ProtoScript II First Strand cDNA
Synthesis Kit (BioLabs). Quantitative Real-Time PCR was then performed using Luna Universal qPCR Master Mix (BioLabs). The
relevant expression of key genes was calculated by the 2 - AACt method. The primer sequence parameters can be found in Table S1. The
procedure for cellular experiments is the same as above.

3.3. Western blot

The NPS was ground to a powder with liquid nitrogen and then added to RIPA strong lysis solution, lysed on ice for half an hour and
then sonically broken. The supernatant was centrifuged and the protein concentration was measured using the BCA kit, loading buffer
was added and the protein was heated at 100 °C for 5 min. The proteins were then separated by electrophoresis in 10% SDS-PAGE and
subsequently transferred to PVDF membranes, which were closed with 5% skimmed milk for 1 h. The membranes were cut and
incubated with primary antibodies (TGF-p1, Smad3, P-Smad3, GAPDH) overnight on a shaker at 4 °C. Then, the membranes were
washed 3 times with TBST and incubated for 1 h at room temperature with secondary antibodies, followed by 3 additional washes with
TBST. The membranes were then exposed in a fully automated chemiluminescent image analysis system and the proteins were scanned
and analysed. The procedure for cellular experiments is the same as above.

A B
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Fig. 1. Venn map of A (Disc degeneration) and B (Biomechanics) targets. A total of 304 targets are shared between these two groups.
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3.4. Statistical analysis
All data were analysed by GraphPad Prism 8.0 software and statistics are presented by mean =+ standard deviation (" y+SD). The
experimental data of the two groups were compared using the t-test. When P < 0.05, the difference is indicated as statistically

significant.

4.1. Search results for total targets
A total of 304 targets were found to be associated with LDD and biomechanics by applying venn plots (Fig. 1).
GO enrichment analysis were performed on 304 genes to analyze the functions of genes in regard to BP, CC and MF. In addition,
they were enriched for relevant pathways. Visualization of the top 10 GO enrichment results (Fig. 2) showed that in the BP category,
the genes were associated with signal transduction, negative regulation of apoptotic process, DNA-templated, positive regulation of
gene expression and inflammatory response. In regards to CC, they are mainly associated with extracellular region, extracellular space,
cytoplasm, plasma membrane, nucleus, extracellular exosome, cytosol, nucleoplasm and membrane. Concerning MF, this group of
genes focuses on protein binding, homologous protein binding, metal ion binding, protein homogenisation activity and ATP binding. In
the analysis of the KEGG signaling pathway (Fig. 3), 304 shared genes were associated with TNF signaling pathway, Cytokine-cytokine

4. Results
By searching the data for each of the four targets, 855 targets related to LDH and 987 targets related to biomechanics were obtained.

receptor interaction, Osteoclast differentiation, PI3K-Akt signaling pathway, Rheumatoid arthritis and others.

4.2. PPI network and module analysis
MCODE plug-in (Fig. 5A-C). The STRING database were set up with a confidence score >0.9, excluding disconnected nodes from the

PPI network of the 304 genes obtained from STRING and Cytoscape software (Fig. 4) and the top 3 key modules were selected from
network. The specific information statistics for the 3 modules are shown in Table 1. The CytoHubba plug-in from Cytoscape software
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Fig. 3. Bubble diagram of KEGG pathway enrichment. A total of 304 genes are associated with various pathways including the tumor necrosis factor
signaling pathway, cytokine-cytokine receptor interaction, osteoclast differentiation, the PI3K-Akt signaling pathway, and rheumatoid arthritis.

was used, and top 11 core gene were selected (Table 2). The search for common genes from the top 11 ranked genes with those
obtained in the top 3 clusters resulted in four hub genes. They were CAV1, SMAD7, TGFB1 and SMAD3 (Fig. 6 A, B). In addition, a
downstream interaction network for SMAD3, CAV1, SMAD7 and TGFB1 were generated using the STITCH database (Fig. 7A-D).

4.3. Verification of the hub genes

To verify the validity of the candidate genes, we searched the GEO database and used the external dataset GSE56081 to verify the
differential expression between the two groups. The results revealed that both TGFB1 and SMAD3 were significantly altered in the
degenerated group compared to the controls, with statistically significant differences. CAV1 and SMAD?7 did not show significant
differences. Finally, TGFB1 and SMAD3 were screened as important targets for intervertebral disc degeneration (IDD) (Fig. 8).

4.4. Expression of TGFB1 and SMAD3 mRNA in NPS

We examined TGFB1 and Smad3 mRNA in clinical NPS and showed that TGFB1 and SMAD3 mRNA was significantly increased in
the SD group, with statistically significant differences compared to the MD group (Fig. 9 A, B).
4.5. Protein expression of the TGF-f signaling pathway in NPS

To further validate the importance of the TGFB signaling pathway in IDD, we examined the expression of several important
proteins, including TGFB1, SMAD3 and p-SMAD3 (Fig. 10 A). The results revealed that the expression of TGFB1 and p-SMAD3 was
significantly higher in the SD NPS compared to the MD group (Fig. 10B-D).

4.6. Drug-gene interaction

TGFB1 and SMAD3 were screened as possible drug targets and finally a total of 30 available drugs were obtained through the DGIdb
database (Table 3). A total of 20 drugs are available for the treatment of TGFB1 target, and last 10 drugs are used for SMAD3 target.
Additionally, a schematic diagram of the overall drug screening process is presented (Fig. 11).
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Fig. 4. PPI network from the 304 genes. PPI network of the 304 genes obtained from STRING and Cytoscape software.

5. Discussion

LDD is widespread in orthopaedics, especially in spinal surgery, where pain and numbness are the main clinical manifestations,
seriously affecting the physical and mental health and quality of life of middle-aged and elderly patients. It is an important pathological
basis for the development of lumbar degenerative diseases [14]. Numerous studies have shown that biomechanical deterioration is an
important cause of LDD [15-18] [15-18] [15-18]. In normal conditions, the lumbar spine is a dynamic process and biomechanics
plays an important role in maintaining normal lumbar spine function, but when changes in the biomechanics of the lumbar spine are
caused by various triggers, this state can lead to DD after a period of time. Worse still, the degeneration of the lumbar discs can in turn
exacerbate the biomechanical deterioration, and which is an irreversible and vicious process [19].

Despite the extensive literature demonstrating the biomechanical correlation between LDD, the specific underlying mechanisms by
which deterioration in the biomechanical environment causes LDD remain unknown. The focus of this research is to explore the
common target genes between biomechanics and LDD through a bioinformatics approach and to seek possible therapeutic targets and
therapeutic agents. In this article, we used software combined with database to predict the common targets of LDD and biomechanics,
construct PPI network diagram of targets, GO enrichment analysis histogram, KEGG pathway enrichment analysis bubble diagram,
hub genes downstream network diagram, predict the possible drugs of therapeutic targets through the database, and then system-
atically refine the specific mechanism of the connection between the both. The results were then validated by means of a dataset from
the GEO database. RT-PCR and Western bolt are used to detect mRNA and protein expression of key genes in degenerating NP tissue.

GO functional enrichment analysis of 304 related genes revealed that they have multiple biological functions in terms of BP, MF and
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Fig. 5. Network diagram of the 3 clusters. (A) Clusterl incluede 7 density and 21 nodes; (B) Cluster2 incluede 5 density and 10 nodes; (C) Cluster3
incluede 11 density and 22 nodes.

Table 1
Key information on the top 3 modules.
Clusters Score Density Nodes Nodes IDs
1 7 7 21 SMAD7, SMAD3, TGFB3, TGFB1, SMAD2, CAV1, TGFBR1
2 5 5 10 MAPK1, EDN1, CXCL12, MAPK3, F2
3 4.4 11 22 CTNNB1, SMAD1, ESR1, BMP4, JUN, BMPR1A, BMP2, FOS, YAP1, NOG, BMP7
Table 2
Top 11 core targets.
Target name Score Target name Score
CTNNB1 26 SDC1 12
ITGB1 20 SMAD7 12
SMAD3 19 ESR1 11
CAV1 15 EGFR 11
FN1 13 TGFB1 11
JUN 12 - -
A B
SMAD3 o .
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Fig. 6. Ranked display of the top 11 core genes. (A) Construction of network among 4 hub genes; (B) Coexpression analysis of 4 hub genes.
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Fig. 8. Validation violin map of hub genes in GSE56081. CAV1 and SMAD? exhibit no significant differences between the NC (Normal Control) and
IDD (Intervertebral Disc Degeneration) groups. TGFB1 and SMAD3 have been identified as crucial targets for IDD.

CC. BP were mostly enriched for positive regulation of transcription from RNA polymerase II promoter, signal transduction, positive
regulation of cell proliferation, negative regulation of apoptotic process, and so on. It can be seen that the deterioration of biome-
chanics may cause LDD through the regulation of transcription and the promotion of apoptosis. MF is enriched in protein binding,
identical protein binding, metal ion binding, protein homodimerization activity, ATP binding, and others. It is clear that from a
molecular point of view both may be related to factors, such as proteins, metal ions, and growth factors. In summary, from the point of
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Table 3
List of approved drugs for TGFB1 and SMAD3.

Drug Sources PMIDs Query Score Interaction Score
RAMIPRIL NCI 15716710 2.19 0.86
PIRFENIDONE NCITTD 12907346 1.88 0.74
AMIFOSTINE NCI 12005544 1.75 0.69
TOREMIFENE NCI 12476040 1.25 0.49
RITUXIMAB PharmGKB 22129793 0.63 0.25
CLADRIBINE NCI 12097998 0.58 0.23
PIOGLITAZONE NCI 17407709 0.55 0.22
TESTOSTERONE NCI 9288184 0.49 0.1
TRIAMCINOLONE NCI 12174062 0.38 0.15
MELATONIN NCI 9649124 0.32 0.13
ATENOLOL NCI 15049387 0.26 0.1
HYDROCORTISONE NCI 7895901 0.23 0.09
STREPTOZOCIN NCI 17968528 0.19 0.07
NICOTINE NCI 10198208 0.18 0.07
IRINOTECAN PharmGKB 27160286 0.17 0.07
ETOPOSIDE NCI 16002781 0.17 0.07
TAMOXIFEN NCI 8019941 0.15 0.06
ASPIRIN PharmGKB 19138248 0.12 0.05
VERAPAMIL NCI None found 0.11 0.04
DOXORUBICIN NCI 12956904 0.09 0.04
CETYLPYRIDINIUM DTC None found 4.38 0.28
CHLORQUINALDOL DTC None found 1.1 0.07
TRICLOSAN DTC None found 0.73 0.05
FLUORESCEIN TTD None found 0.63 0.04
EPIRUBICIN HYDROCHLORIDE DTC None found 0.63 0.04
TRICLOCARBAN DTC None found 0.63 0.04
LANATOSIDE C DTC None found 0.63 0.04
LOPINAVIR DTC None found 0.49 0.03
OUABAIN DTC None found 0.49 0.03
PYRITHIONE DTC None found 0.4 0.03
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Fig. 11. Overall experiment flowchart. This is a summary of the entire experiment, including a simple flowchart from data collection to analysis
to validation.
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view of CC, the shared targets are mostly enriched in the extracellular region, extracellular space, cytoplasm, plasma membrane,
nucleus. It is apparent that the mechanisms of biomechanically induced LDD are rich and varied, and can act on multiple targets.

A total of 112 pathways were identified by KEGG enrichment analysis of the common targets, and the top 10 pathways were mainly
Proteoglycans in cancer, Pathways in cancer 54, TNF signaling pathway, Malaria, Chagas disease (American trypanosomiasis),
Cytokine-cytokine receptor interaction, Osteoclast differentiation, PI3K-Akt signaling pathway, Rheumatoid arthritis and HIF-1
signaling pathway. Considering the pathogenesis of LDD and biomechanical mechanisms, combined with the top ten pathways of
the disease, the occurrence of biomechanically induced LDD may be related to inflammation, hypoxia, osteoclast differentiation,
apoptosis and other factors.

The PPI network construction and network topology resulted in four important gene targets, including SMAD3, CAV1, SMAD7 and
TGFB1. We then cited the GSE56081 dataset from the GEO database to validate the obtained genes and found that SMAD3 and TGFB1
were highly expressed in disc degeneration.

SMAD3 is an important target in the study of biomechanical properties [20]. It has been genetically demonstrated that SMAD3 is an
important genetic target for the development of degenerative spinal disease and that the differences in SMAD3 gene are statistically
significant in normal subjects compared to patients with DD [21]. It can be hypothesized that the deterioration of the biomechanical
environment of the lumbar spine may cause LDD by acting on SMAD3 and thus forming a number of responses.

TGFB1 encodes transcriptional growth factor beta, which leads to the recruitment and activation of SMAD family transcription
factors, thereby regulating gene expression [22]. This gene also regulates cell proliferation, differentiation and growth, as well as the
expression and activation of other growth factors [23]. TGFB1 protein alterations can be detected in the presence of abnormal
biomechanical function [24]. TGFB1 has been repeatedly shown to be a central target of IDD using bioinformatics [25,26]. In this
study, the two hub genes were found to be enriched in the TGF-f signaling pathway and play an important role in this route. It can be
inferred that biomechanically induced LDD may be related to the regulation of the TGF-p signaling pathway.

TGFp (transforming growth factor beta) is a group of growth factors in the TGF superfamily and is involved in the functional activity
of many cells [27]. Studies have shown that TGF-p can repair degenerated discs by promoting matrix synthesis, inhibiting matrix
catabolism, suppressing cell loss and inflammatory effects [28]. However, more TGF-p expression is not better, and excessive acti-
vation of TGF-f instead accelerates DD. High levels of TGF-f} expression can be observed in severe IDD in mice and humans [27,29].
The two important genes and pathways identified in this article are closely related to biomechanics and LDD, and their study will help
identify specific functions and explore the mechanisms of biomechanically induced LDD. But the way in which biomechanical factors
induce altered TGF-p signaling and then accelerate DD is the question to be discussed. Previous studies have shown that the TGF-f
signaling pathway is closely related to the inflammatory response in IDD [30,31]. TGF-f inhibits inflammatory cytokine-induced
catabolic processes in IVDD by following down-regulation of MMPs expression [32]. In addition, TGFB1 inhibits TNF-a-induced
apoptosis of NPCs, effectively delaying inflammation-mediated DD [31]. DD is a complex process that involves multiple mechanisms.
From the results of this study, it can be deduced that deterioration of the biomechanical environment can cause an inflammatory
response within the disc via the TGF-f signaling pathway and thus accelerate it.

Our analysis, especially on key genes like SMAD3 and TGFB1, underscores the potential role of the TGF- signaling pathway in LDD.
This finding aligns with studies showing high levels of TGF-f expression in severe intervertebral disc degeneration (IDD). Moreover,
the TGF-f signaling pathway has been linked to the inflammatory response in IDD, suggesting a complex interplay between biome-
chanical stress and inflammatory pathways.

Recent research further supports our findings. A study by Cai [33] demonstrated the biomechanical effects of L4~L5 lumbar
degeneration using numerical simulations, highlighting the impact of biomechanical changes on adjacent segments and overall lumbar
spine function. This aligns with our observation that biomechanical deterioration can have far-reaching effects on lumbar spine health,
extending beyond the degenerated segment.

While our study provides new insights, it also acknowledges limitations, such as the lack of biomechanical degeneration models,
the complexity of mechanisms involved in biomechanics-induced LDD, and notably, the constrained number of clinical samples due to
the pandemic. This limitation may have impacted our results and represents a crucial area for future research and improvement.

In conclusion, our study offers a novel perspective on the interplay between biomechanics and LDD, highlighting the TGF-p
signaling pathway’s potential role. This research contributes significantly to understanding LDD’s etiology and opens avenues for
targeted therapeutic strategies. Addressing the challenges in sample collection and expanding our dataset will be a key focus in our
continued efforts to elucidate this complex condition.

6. Conclusion

In conclusion, our research offers novel insights into the biomechanical underpinnings of LDD, a critical concern in spinal health.
By elucidating the role of key genes, particularly SMAD3 and TGFB1, within the TGF-p signaling pathway, this study bridges a crucial
gap in understanding the molecular basis of biomechanically induced LDD. While providing a foundation for targeted therapeutic
development, we acknowledge certain limitations, such as the lack of biomechanical models, underscoring the need for further
comprehensive investigations. This work not only advances our understanding of LDD but also proposes a new paradigm for exploring
the interplay between biomechanics and gene regulation in spinal pathologies.
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